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ABSTRACT 
The discovery of any new technology is usually accompanied by a need for new or 
improved materials which make that technology useful in practical applications. In the case of 
two-photon absorption (2PA) this has truly been the case. Since its first demonstration in 1961, 
there has been an ever increasing quest to understand the relationships between two-photon 
absorption and the structure of two-photon absorbing materials. This quest has been motivated 
by the many applications for 2PA which have been reported, including fluorescence bioimaging, 
3D microfabrication, 3D optical data storage, upconverted lasing, and photodynamic therapy. 
The work presented in this dissertation represents another step in the effort to better 
understand the structure/property relationships of 2PA. In this work a new, squaraine-fluorene-
squaraine molecule, proposed through a joint effort of quantum and synthetic chemists, was 
synthesized and its photophysical properties were measured. The measurements included linear 
and two-photon photophysical properties, as well as solvatochromic behavior. Quantum 
calculations were done to aid in understanding those photophysical and solvatochromic 
properties. A single squaraine dye was also synthesized and used as a model compound to assist 
in understanding this new structure. 
In Chapter 1 an introduction to 2PA and several of its applications is given. Chapter 2 
gives a background of 2PA structure/property relationships that have been reported to date, based 
on work done with polymethine dyes. Chapter 3 gives a full account of the synthesis, 
characterization, and detailed quantum chemical analyses of this new squaraine-fluorene-
squaraine molecule and the corresponding model compound squaraine dye. Chapter 4 gives 
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CHAPTER 1: INTRODUCTION 
1.1 Introduction to Two-Photon Absorption and Its Significance 
Over the last several decades the phenomenon of two-photon absorption (2PA) has been 
the focus of increasing scientific interest. This is evidenced by the fact that since 1961, when the 
phenomenon was first reported,1 the number of references in the literature making reference to 
two-photon absorption has increased exponentially, as shown in Figure 1.2 This intense increase 
in interest has been fueled largely by the fact that two-photon absorption has been shown to be 
an enabling technology for a number of applications, including enhanced fluorescence 
bioimaging,3 three dimensional microfabrication,4 three dimensional optical data storage,5 
photodynamic therapy,6 and upconverted lasing.7 
 
 
Figure 1. Trend in literature references for two-photon absorption since being reported in 19612 
1 
 
The primary reason for the advantages of 2PA is the fact that it is a nonlinear process in 
which the rate of 2PA has a quadratic dependence on intensity. This results in an intense, focused 
spot, as illustrated in Figure 2.8 
 
 
Figure 2. One-photon absorption (left beam) vs two-photon absorption (right beam) (Reprinted 
with permission from reference 8, copyright 2010 American Chemical Society.) 
 
In bioimaging applications this means that the excitation can be done at twice the 
wavelength as what would be used for one-photon absorption. At these longer wavelengths 
biological tissue is much more transparent and causes less scattering,9 making it possible to 
obtain fluorescence images at depths much greater than with one-photon excitation. Figure 3 is 
an image taken by 2PA to a depth of approximately 1.5 mm in wound healing tissue.10 This 






Figure 3. Fluorescence image of wound healing tissue obtained by two-photon absorption 
(Reprinted from reference 10.) 
 
The intense, confined focus spot within the volume of the medium makes it useful for 
applications such as 3D optical data storage. Figure 4 shows voxels generated by 2PA in a 
photosensitive polymer/2PA dye system with excellent signal-to-noise characteristics.11 
Three dimensional microfabrication using single-photon absorption in polymerizable 
materials has significant disadvantages, and requires a “layer-by-layer” approach to get good 
quality three dimensional microstructures.4 With two-photon absorption, however, intricate 
structures can be fabricated by direct laser writing in three dimensions, as illustrated in Figure 





Figure 4. Voxels generated in a photopolymer using two-photon absorption (Reprinted with 










Figure 5. Microscope image of the company name “nanoscribe” written on a human hair using 




1.2 Dissertation Statement 
Because of the ever-increasing interest and applications for the phenomenon of two-
photon absorption there continues to be a need for better understanding of the relationships 
between the photophysical properties of molecules, especially 2PA, and their structure. Better 
understanding of these relationships can provide the basis upon which new and improved two-
photon absorbing materials can be designed and synthesized. The ongoing quest for enhanced 
understanding of these structure/property relationships, along with the search for new molecules 
with higher two-photon cross sections over a broader range of wavelengths provided the 
motivation for the research work presented in this dissertation. Molecules expected to exhibit 
excellent two-photon absorption properties were synthesized and characterized using several 
spectroscopic methods, including linear absorption, fluorescence emission, fluorescence 
anisotropy, fluorescence quantum yields, and fluorescence lifetimes. In addition, the behavior of 
the molecules in solvents of different polarity was studied as a means of gaining insights into the 
nature of the ground and excited states of the molecule. Finally, quantum calculations were used 
to help provide a detailed understanding of the electronic transitions involved in the observed 
photophysical properties, including two-photon absorption.  
 
1.3 Dissertation Outline 
Chapter 1 provides examples of the advantages of two-photon absorption and its use in 
different types of applications, and why the study of structure/property relationships for two-
photon absorption is important. Chapter 2 gives a brief summary of two-photon absorption 
5 
structure/property relationships learned to date, based on work reported in the literature on 
polymethine dyes. Chapter 3 gives an account of the synthesis, characterization, and detailed 
quantum chemical analyses of a new squaraine-fluorene-squaraine dye. The results for this dye 
are also compared to the same measurements and analyses for the corresponding squaraine dye 
used as a model compound. In Chapter 4, future work is proposed that builds upon the results 
reported in Chapter 3.  
  
6 
CHAPTER 2: TWO-PHOTON ABSORPTION BACKGROUND 
2.1 Definition of Two-Photon Absorption 
Two-photon absorption can be defined as the “simultaneous” absorption of two photons, 
illustrated in Figure 6. The absorption of two photons is simultaneous within the limitations of 
the Heisenberg Uncertainty Principle.13 Two-photon absorption was first proposed by Maria 
Goppert-Mayer in 193114 but was not demonstrated until 1961, with the advent of high power 
lasers.1 2PA is quantified as a “cross section”, a measure which indicates the probability of 
absorption. Units for 2PA are Goppert-Mayers (GM), and usually designated as [Y] X 10-50 cm4 
s photon-1. Two-photon cross sections are typically measured either by a fluorescence method, in 
which the fluorescence of the sample is compared to that of a known standard under the same 
conditions of excitation,15 or by a nonlinear transmission measurement, also called Z-scan.16 
 
 
Figure 6. Jablonski diagram illustrating the difference between two-photon and one-photon 
absorption 
7 
2.2 Two-Photon Absorption Structure/Property Investigations 
The literature contains many reports of work that has been done with a large variety of 
organic compounds to understand the effect of molecular structure on two-photon absorption and 
to find ways to increase two-photon absorption cross sections. Results have been summarized in 
several reviews.17-20 Structural aspects which have been investigated include, 1) the effect of π 
conjugation length, 2) the type of terminal groups and central cores or bridging units, 3) the type 
of connector group, i.e. vinylene vs acetylene, and 4) two dimensional strucures such as 
porphyrins or branched molecules. 
Work done within the last several years with polymethines has provided an excellent and 
cohesive illustration of many of the most pertinent structure/property relationships involving 
2PA, the complete details of which is given in references 21 – 25. That work is summarize 
briefly in this section in order to explain the rationale for the new work presented in this 
dissertation. 
2.3 Known ways to enhance two-photon absorption 
2.3.1. Extend π Conjugation 
Figure 7 shows the difference between two polymethine dyes, differing primarily in the 
length of the conjugation connecting the two terminal indole groups. The maximum 2PA cross 
section measured for each structure is shown. As can be seen by the data, extending the 
conjugation by a factor of four enhances the maximum 2PA cross section by more than a factor 




Figure 7. Illustration of the Effect of π Conjugation on 2PA22 
 
2.3.2 Increase Donor Strength 
Typical polymethines have a donor-π-donor, or D-π-D configuration, in which the end 
groups are benzothiazoles, indoles, or benzoindoles. It was found that increasing the donor 
strength of the end groups can have a positive effect on the two-photon absorption of the dye, as 
shown in Figure 8. 2PA cross sections increase when going from benzothiazole to benzoindole 
while other structural features of the molecules are kept the same. It should be noted that in these 













Figure 8. Effect of increasing donor strength in D-π-D configurations. Maximum 2PA cross 
section for the second 2PA band for each moleclue is shown.22 
 
2.3.3. Insert a strong acceptor group in a D-π-A-π-D configuration 
When a strong acceptor such as a squaraine group is inserted into the π conjugation of a 
benzoindole polymethine dye the 2PA cross section increases more than a factor six times, as 
illustrated in Figure 9.23 
 
Figure 9. Effect of inserting a strong acceptor group, such as a squaraine group, into the π 

























There are several reasons why the insertion of a strongly accepting squaraine group into π 
conjugation can enhance two-photon absorption: 
a) Figure 10 shows a typical squaraine linear absorption. As seen in the figure, the 
long wavelength edge of the absorption is nearly vertical, which makes it possible to measure the 
2PA very close to this edge. This allows for intermediate state enhancement (ISRE) by reducing 
detuning energy.24,25 Reducing the detuning energy brings rthe intermediate 2PA level closer to 
the one-photon level, which can result in enhancement of the two-photon cross section through a 
resonance effect. This is illustrated in Figure 11. 
 
 
Figure 10. Typical squaraine absorption 
b) Another reason for 2PA enhancement by squaraines is illustrated in Figure 12. 
The incorporation of the squaraine group increases both the number and density of upper level 
unoccupied molecular orbitals.25 Notice in the Jablonsky diagram on the right that there is an 





























additional set of one- and two-photon transitions possible, and the excited state energy levels are 
lower and closer together. 
 
Figure 11. Illustration of Intermediate State Resonance Enhancement24,25 
 
Squaraines have demonstrated some of the highest two-photon absorption cross 
sections.27 However, in most cases the large maximum cross section is only seen over a 
relatively narrow wavelength range, as illustrated in Figure 13. Note the central region of the 
spectrum identified by a red rectangle in which the 2PA cross section drops off to approximately 
10 Gopper-Mayer units. There continues, therefore, to be an ongoing quest to gain new insights 
into the relationships between molecular structure and photophysical properties, especially two 
photon absorption, which will make it possible to predict properties based on molecular design 
and find routes to molecules with large two-photon cross sections over a broad wavelength 





Figure 12. Increase in density of upper level unoccupied molecular orbitals resulting from 
incorporating a squaraine moiety into the conjugation of a polymethine dye. Dashed lines 
represent one-photon allowed transitions, solid red lines represent two-photon allowed 
transitions, and bold blue solid lines represent experimentally observed two-photon transitions 
(Reprinted from reference 25.) 
 
2.4 The Strategy and Rationale of this Research Work 
A new hybrid squaraine-fluorene-squaraine dye (SD-FLU-SD) was proposed as a 
collaboration between experts in quantum chemistry, spectroscopy, and synthetic chemistry. The 
initial strategy adopted was to 1) synthesize this new hybrid SD-FLU-SD compound, 2) measure 








calculations to enhance understanding of experimental results, and 4) throughout the study 
compare the properties of the SD-FLU-SD with those of the corresponding single squaraine dye 
(SD) used to make the new hybrid structure. Figure 13 shows the structure of both the SD-FLU-
SD and SD compounds studied in that work. 
Fluorenes and squaraines have been studied independently as two-photon absorbing dyes. 
Combining squaraines with other types of chromophores has shown the possibility for relatively 
large two-photon absorption cross sections over a wide range of wavelengths.27,28 The SD-FLU-
SD incorporates D-π-A- π-D structures in and overall D- π-A- π-D- π-D- π-A- π-D configuration 


















CHAPTER 3: DESIGN OF A NEW OPTICAL MATERIAL WITH BROAD 
SPECTRUM LINEAR AND TWO-PHOTON ABSORPTION AND 
SOLVATOCHROMISM 
William V. Moreshead, Olga V. Przhonska, Mykhailo V. Bondar, Alexei D. Kachkovski, Iffat H. 
Nayyar, Artëm E. Masunov, Adam W. Woodward, Kevin D. Belfield 
Reproduced with permission from Journal of Physical Chemistry C, in press. 
Copyright 2013 American Chemical Society. 
 
3.1 Abstract 
The fluorene-bridged squaraine dimer (SD-FLU-SD) was designed with the purpose of 
combining various chromophores in one molecule and enhancing its two-photon absorption 
properties using intra- and inter-chromophore transitions. Linear and nonlinear absorption 
properties of SD-FLU-SD were investigated with the goals of understanding the nature of one- 
and two-photon absorption spectra, determining the molecular optical parameters, and 
performing modeling of the photophysical processes. The optical behavior of this new SD-FLU-
SD “hybrid” molecule was compared with its separate squaraine constituent moiety. Linear 
spectroscopic characterization includes absorption, fluorescence, excitation and emission 
anisotropy, and quantum yield measurements in solvents of different polarity and viscosity. 
Spectral positions of the absorption-fluorescence peaks and quantum yields of SD-FLU-SD and 
its separate squaraine moiety exhibited complex and nontrivial behavior as a function of solvent 
polarity. Comprehensive study of this unusual solvatochromism was conducted and interpreted 
using various models. Nonlinear spectroscopic studies included two-photon absorption 
measurements using the femtosecond Z-scan technique. The two-photon absorption spectrum of 
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SD-FLU-SD was broad, covering the spectral range from 800 to 1400 nm with a maximum two-
photon absorption cross-section of 2,750 GM (1 GM = 1 × 10-50 cm4 s/photon). Quantum-
chemical analysis, based on time dependent density functional theory, agreed with the 
experimental data, and revealed details on the energy-level structure and origin of the linear and 
nonlinear absorption behavior of this novel SD-FLU-SD compound. These investigations 
advance the understanding of the nature of electronic transitions and the structure–property 
relations in long conjugated molecules, important for the rational design of new organic optical 
materials. 
3.2 Introduction 
Substantial efforts have been invested in the design, synthesis, and characterization of 
dyes with larger optical nonlinearities, with the ultimate goal of understanding structure-property 
relations in order to enable the rational design of the optical materials with linear and nonlinear 
optical properties optimized for specific applications. Organic compounds that have attracted 
significant attention include various fluorene (FLU) derivates as well as linear polymethines and 
related structures, such as squaraine dyes (SD). In both classes, fluorenes and polymethines, the 
linear and nonlinear optical (NLO) properties can be tailored via specific structural 
modifications.  
Fluorene derivatives have been extensively studied due to their important role in a wide 
variety of NLO applications, including two-photon laser-scanning fluorescence microscopy and 
biological labeling,8,32−34 3D microfabrication and optical data storage,35−37 two-photon 
photodynamic therapy,38,39 stimulated emission depletion,40,41 and upconverted lasing.42,43 Many 
16 
aspects of the optical and electronic properties of fluorenes are fairly well understood; see for 
example reviews 44 and 45 and references therein. 
Linear polymethine-like structures, especially squaraines (which can be regarded as 
polymethines with a strong acceptor group C4O2 centered in the vinylene chain), have been 
shown to exhibit large two-photon absorption (2PA) cross-sections (δ2PA) of up to 35,000 GM27 
owing to very large ground-to-first excited state transition dipole moments, near-parallel 
orientation of their ground-to-first excited and between-excited states transition dipole moments, 
and the sharply rising low-energy side of their linear absorption that allows significant 
intermediate-state resonance enhancement of the 2PA.22,24,25,27,46-48 These molecules are also 
known for their significant singlet-singlet excited-state absorption (ESA) with peak cross-
sections of 10-16 to 10−15 cm2, which are comparable to the peak ground-state absorption cross-
section.49 The ratio between excited and ground-state cross-sections can be as large as 200 at 
certain wavelengths, which is important for optical-limiting applications.27,46–50 
The NLO properties, in particular two-photon absorption (2PA) spectra, for polymethines 
and related compounds have been intensively studied.22,25,46,51,52 As discussed in reference 23, 
various strategies to increase 2PA in polymethine-like molecules include (1) lengthening of the 
effective π-conjugation length; (2) incorporation of a strong acceptor group into the conjugated 
bridge leading to a quadrupolar-type arrangement D-π-A-π-D (squaraine and tetraone 
structures); (3) exploiting the compounds with the sharply rising low-energy side of their linear 
absorption band decreasing the detuning energy and resulting in the strong intermediate-state 
resonance enhancement (squaraines); (4) proper choice of solvent polarity in unsymmetrical 
molecules; and (5) specific arrangement of the molecular energy levels allowing for an increase 
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in the density of final states and reaching the final states at the smallest detuning energy (the so-
called “double resonance” condition).  
Photophysical and photochemical properties of the symmetrical and unsymmetrical 
squaraines have been reviewed, see, e.g., references 53 to 56. Symmetrical SDs are typically 
synthesized by the condensation of electron-rich compounds, usually arenes, with squaric acid. 
Unsymmetric SDs are most commonly synthesized in a two-step procedure, via the hemisquaric 
acid ester intermediate (for example, Scheme 1).57,58 The tremendous synthetic flexibility that 
these approaches afford has resulted in a great variety of squaraines explored for their potential 
applications as xerographic materials,59 dye-sensitized solar cells,60,61 histological probes,62 ion 
sensors,54,63 light-emitting field-effect transistors,64 nonlinear optics,65 sensitizers for 
photodynamic therapy,66–69 and two-photon absorbing fluorescent probes for bioimaging.70 
Both 1,2- and 1,3-disubstituted squaraines can be prepared, depending upon the nature of 
the electron-rich arenes used, the synthetic route chosen, and the reaction conditions.71,72 
However, for this work we used only the 1,3-disubstituted squaraines, since the 1,2-disubstituted 
squaraines do not demonstrate the same intense absorption, emission, and NIR photophysical 
properties as described above for the corresponding 1,3-squaraines. It has been shown that 1,3-
disubstituted squaraines have similar structures and properties to the polymethine dyes, while 
1,2-squaraines more closely resemble the merocyanines.72 
In this study, a SD-FLU-SD molecule consisting of two squaraine moieties bridged by a 
fluorene unit was designed, synthesized, and investigated with the goal of obtaining a detailed 
description of the linear and nonlinear optical properties. Fluorene and squaraines have been 
combined to produce dyes with red-shifted  absorption especially for photovoltaic applications,73-
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77 but to our knowledge this is the first report in which these groups are combined with the goal 
of enhancing and broadening two-photon absorption. The molecular linker is an alkyne (the 
triple bond) supporting the π-conjugation within the whole SD-FLU-SD molecule,29,78 Our intent 
was to achieve a broadening of 2PA in the near-IR spectral range by combining these two 
moieties into a single “hybrid” conjugated molecule. 
Herein, we present a detailed report on the photophysical properties of this compound. 
We describe: (1) synthesis of SD-FLU-SD compound; (2) linear absorption, fluorescence, and 
quantum yield of SD-FLU-SD and SD in several solvents; (3) thorough investigation of the role 
of solvent polarity on the quantum yields and positions of the absorption-fluorescence bands; (4) 
excitation and emission anisotropy of SD-FLU-SD and comparison with anisotropy of a 
symmetrical SD molecule; (5) 2PA measurements of both compounds using Z-scans with 
femtosecond pulsewidths; and (5) detailed quantum-chemical calculations and modeling that 
provides insight into the nature of the linear and NLO properties. The combination of the 
experimental methods and theoretical analysis provides critical information regarding the 
energy-level structure, which agrees with the observed nonlinear absorption processes in the SD-
FLU-SD compound. 
3.3. Results and Discussion 
3.3.1 Syntheis of SD-FLU-SD (I) and the symmetrical squaraine SD (II) 
The synthesis of the hybrid SD-FLU-SD compound I was accomplished by first 
synthesizing the unsymmetrical bromo-substituted squaraine 3 and then conjugating this to 2,7-
diethynyl-9,9-didecylfluorene via Sonogashira coupling. The well-known symmetrical squaraine 
II was synthesized and used as a model compound for comparison of photophysical properties 
19 
with the hybrid SD-FLU-SD compound I. The structures of SD-FLU-SD I and model compound 
SD II are presented in Figure 14. 
 
 
Figure 14. Structures of “hybrid” SD-FLU-SD compound I and the symmetrical squaraine II 
used as model compound 
 
The synthesis of the unsymmetrical bromo-substituted squaraine 7 was accomplished in 
five steps, as shown in Scheme 1. First the bromo-substituted indole 1 was synthesized via a 
Fisher condensation according to a literature method.79 Alkylation of 1 was then accomplished in 
good yield using microwave radiation to give intermediate 2. The corresponding methylene base 
3 was then generated from this alkylated indole using base and reacted with diethylsquarate, 
yielding the hemisquaric acid ester 4. The hemisquaric ester was hydrolyzed in refluxing acetone 
with 2N HCl to yield the corresponding acid 5.47 Reaction of intermediate 5 with the methylene 
















Scheme 1. Synthesis of Bromo-Squaraine Derivative 7 
 
 
Scheme 2 illustrates the synthetic scheme for SD-FLU-SD I. Sonogashira coupling was 
used to generate the trimethylsilylalkynylfluorene derivative 8. Removal of the trimethylsilyl 
groups with sodium hydroxide in dichloromethane/methanol resulted in the diethynylfluorene 
intermediate 9, which was then coupled with the bromo-substituted squaraine intermediate 7, 





















































Scheme 2. Syntheis of SD-FLU-SD I 
 
 
Synthesis of the symmetrical squaraine II was accomplished by reaction of the methylene 












































Scheme 3. Synthesis of Symmetrical Squaraine SD II 
 
 
3.3.2. Linear Absorption, Fluorescence, and Anisotropy Spectra 
The linear absorption spectra of SD-FLU-SD and SD compounds are presented in Figures 
15a and 15b with the most significant spectroscopic properties listed in Table 2. As shown, the 
main absorption band of SD (Figure 15a), attributed to the S0 → S1 transition, represents a strong 
cyanine-like band with a peak at 637 nm (in pTHF) and very weak linear absorption in the 
visible and UV region corresponding to transitions to higher excited states (S0 → Sn). The lowest 
lying absorption band of SD-FLU-SD I (Figure 15b) in the same solvent exhibited a red shift of 
≈20 nm, slightly broader bandwidth, and more intense absorption in the range 300-450 nm. The 
extinction coefficient (molar absorptivity) of SD-FLU-SD I compound was ≈1.7 (in TOL) and 
≈1.4 (in DCM and THF) times higher than for SD II itself (see Table 2). The fluorescence 
spectra of both compounds, SD-FLU-SD I and SD II, revealed close to mirror-symmetric 
























excited-state geometry is not significantly modified from the ground-state geometry upon the 
excitation. Additionally, for SD-FLU-SD I, weak fluorescence was observed originating from a 
higher excited state with a peak position at ≈420 nm (excitation at 350–400 nm). The excitation 
spectrum of this fluorescence band, in association with the results of quantum-chemical 
calculations (discussed in section 4), confirms its link with the FLU constituent. Absorption in 
the main band and the corresponding fluorescence for both compounds, SD-FLU-SD I and SD 
II, show comparatively pronounced vibrational structure related to the skeletal C=C vibrational 
modes with frequencies of 1200–1300 cm-1. 
Fluorescence quantum yields, Φ, were measured using the standard method of 
comparison with a known “red” standard dye, Cresyl Violet perchlorate (Sigma Aldrich) in 
methanol, which has an absorption peak at 594 nm, fluorescence peak at 620 nm, and a quantum 
yield of 0.54.81 In order to minimize reabsorption effects when measuring fluorescence quantum 
yields for the molecules having small Stokes shifts, it is important to consider the following: (1) 
use dilute solutions with optical density at the absorption peak OD(λmax) ≤ 0.1; (2) excite at a 
wavelength, λexc, outside the emission band, typically at the blue side of the S0 → S1 band; and 
(3) to enhance the accuracy of the OD(λexc) measurement, this value was recalculated using the 
ratio between OD(λexc) and OD(λmax) obtained from a reference solution in the same solvent with 
OD(λmax) in the optimal range of 1 to 1.5.  
The spectral positions of the optical transitions S0 → Sn and the orientation of the 
transition dipole moments can be determined using excitation anisotropy measurements.82 These 
measurements were performed in viscous polyTHF (pTHF) solutions of average molecular 
weight ~650 (Sigma Aldrich, viscosity ~ 100–200 cP at 30 °C) to reduce rotational reorientation, 
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and at low concentrations (C ≈10-6 M), to avoid reabsorption of the fluorescence. The excitation 
anisotropy is defined in Equation (1): 
 , (1) 
is measured by recording the emission intensity I (λ) at a fixed wavelength, typically near the 
fluorescence maximum, as a function of excitation wavelength λ at polarizations parallel ( )(λIII ) 
and perpendicular ( )(λ⊥I ) to the excitation polarization. Emission anisotropy can be measured 
and calculated in the same way; the only difference is that these measurements are performed by 
fixing an excitation wavelength and tuning the emission wavelength through the fluorescence 
band. Emission anisotropy provides information about depolarization due to molecular 
vibrations. First, we analyzed the anisotropy behavior for SD II.  
As shown in Figure 15a for SD II, the excitation anisotropy spectrum, )( excr λ , measured 
at the fixed emission wavelength (curve 3), exhibited a sharp increase beginning at ≈500 nm, 
overlapping smoothly with the emission anisotropy (curve 4, excitation wavelength 660 nm). 
The emission anisotropy spectrum for SD II, )( emr λ , was nearly flat at 650–720 nm and showed 
a strong depolarization from r ≈0.35 near the peak position at ≈650 nm to r = 0.1 at 790 nm due 
to skeleton vibrational modes. The )( excr λ  function was constant over the spectral range from 
550-650 nm (within the S0 → S1 transition) and equaled ≈0.35 (curve 3), indicating nearly 
parallel orientation of the absorption and emission dipole moments within the main absorption 
band. In the shorter wavelength region, the anisotropy spectrum of SD II was characterized by a 
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broad valley with minimum r ≈0 near ≈450 nm, corresponding to the transition (or group of 
transitions) forming ≈55° angles with the emission dipole moment.  
Next the excitation, )( excr λ , and emission, )( emr λ , anisotropy spectra of SD-FLU-SD I 
were analyzed, which were essentially different as compared to the anisotropy of SD II (Figure 
15b, curves 3, 4, and 5). There were a few distinguishing features compared to the anisotropy of 
SD II. First, the )( excr λ  function (curve 3) was not constant within the main absorption band and 
exhibited an increase from ≈0.22 to ≈0.3 in the red part of the spectrum ( excλ  > 640 nm), 
revealing a rather complex nature of the main transition. These changes in the )( excr λ  function 
arise from the existence of two electronic transitions within the main absorption band, which can 
be expected for a double-chromophore structure with a weak interaction between two 
chromophore subsystems.83 In the shorter wavelength region, the anisotropy spectrum of SD-
FLU-SD (I) displayed a broad valley similar to the )( excr λ  behavior of SD II. Note that the 
shape of the )( excr λ  function did not depend on the emission wavelength. Second, the )( emr λ  
function (curves 4, 5) strongly depended on the excitation wavelength. As seen in Figure 15b, 
excitation at the blue (curve 5) and red (curve 4) sides of the main absorption band resulted in 
different values of )( emr λ : excitation at the red edge led to a higher anisotropy value, r ≈0.3, 
smoothly overlapping with the corresponding excitation anisotropy function. Third, significant 
depolarization was not observed within the entire emission range, in contrast to the behavior of 




Figure 15. (a) Absorption (1), emission (2), excitation anisotropy (3 - measured at fixed 
emission wavelength 680 nm), and emission anisotropy (4 - measured at fixed excitation 
wavelength 660 nm) spectra for SD in pTHF. (b) Absorption (1), emission (2), excitation 
anisotropy (3 - measured at fixed emission wavelength 700 nm), and emission anisotropy (4 - 
measured at fixed excitation wavelength 680 nm; 5 - measured at fixed excitation wavelength 
640 nm) spectra for SD-FLU-SD in pTHF 







































































3.3.3. Fluorescence Lifetimes 
Table 1 lists the experimental lifetimes, radiative lifetimes (calculated by the Birks-
Dyson equation84), and the calculated fluorescence lifetimes. Fluorescence decay curves for SD-
FLU-SD I and SD II in three solvents are shown in Figures 16a and 16b. SD-FLU-SD I in DCM 
showed a double-exponential decay, with a small contribution (≈20%) of the second (slower) 
component. A weak long-lived component of the fluorescence emission of SD-FLU-SD in DCM 
assumingly can be explained by a small amount of specifically solvated conformers formed in 
the ground state. All other decays show typical single-exponential character. As shown in Table 
1, the calculated and experimental lifetimes for SD in all solvents agree within 20% error (≈30% 
for THF). For SD-FLU-SD I the difference in lifetimes (approximately double) is associated 
with the existence of two overlapping electronic transitions within the main absorption band, as 

















0  x10880.2/1  (2) 
where na and nf are the average refractive indexes over the absorption and emission wavelength 

















and ( )νF  is the fluorescence spectrum.84 The integral of the absorption band, ∫ dvv
v)(ε , is 
associated with only one electronic transition S0-S1 (for the determination of the S1 lifetime). In a 
case when the long wavelength absorption band is complicated (contains more than one 
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electronic transition) it is necessary to extract only one electronic band (S0-S1) from the 
experimental spectrum which, as a rule, is not possible in practice. In the case of SD-FLU-SD, 
since there is strong evidence from the excitation anisotropy spectra (figure 15b) of at least two 
electronic transitions in the main absorption band this means that calculated lifetimes can be 
noticeably deviated from the experimental ones. 
 
Table 1. Measured lifetimes, τexp; radiative lifetimes, τrad; calculated fluorescence lifetimes, τcal; 
and quantum yields, Φ, for SD II and SD-FLU-SD I in three solvents. Amplitudes of the 
components for double-exponential decay of SD-FLU-SD I in DCM are shown in parentheses 
 SD-FLU-SD I SD II 
Solvent TOL THF DCM  THF DCM 
τexp (ns) 
 
1.8 ± 0.3 1.4 ± 0.3 
0.5 ± 0.1 
(0.8) 
1.6 ± 0.3 
(0.2) 
1.7 ± 0.3 1.2 ± 0.2 0.8 ± 0.2 
τrad (ns) 1.7 2.3 2.2 3.2 2.8 2.7 
τcal(ns) 0.8 0.8 0.6 1.6 0.8 0.6 
Φ 0.53 ± 0.08 
0.31 ± 
0.05 
0.25 ± 0.04 0.51 ± 0.08 
0.30 ± 
0.05 




Figure 16. Fluorescence lifetime decay curves for SD II (a) and SD-FLU-SD I (b) in TOL (1), 
THF (2), and DCM (3). Curve (4) in (a) and (b) represent the instrument response function 
 
3.3.4. Polarity Dependence 
Spectral positions of the absorption-fluorescence peaks and quantum yields of SD-FLU-
SD I and SD II exhibit a strong dependence on solvent polarity (or orientational polarizability), 
given by ∆f = (ε-1)/(2ε+1) - (n2-1)/(2n2+1) where ε is the static dielectric constant and n is the 
refractive index of the solvent.85 Therefore, we performed a detailed investigation of the polarity 
effects using a selection of solvents and their mixtures with the broadest possible range of ∆f 
values, from nearly zero for CHX to 0.305 for ACN. First, we investigated the polarity effects in 
mixtures of TOL and ACN with continuously changing solvent polarity in the range 0.013 to 
0.306. When we extended this range to near zero values, using mixtures of TOL and CHX, the 
reverse trend in peak absorption was obtained, as shown in Figure 17a. Comprehensive linear 
solvatochromic photophysical data for all solvents used in this study are provided in Table 2. 
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Figure 17. (a) Peak absorption of SD II (curve 1) and SD-FLU-SD I (curve 2) in TOL/ACN and 
TOL/CHX mixtures as a function of solvent polarity, ∆f. Solid line connecting points is merely a 
guide for the eye. (b) Peak absorption of SD II (1) and SD-FLU-SD I (2) in TOL/ACN and 
TOL/CHX mixtures as a function of Bayliss solvent polarity, f(n2). Solid lines correspond to 
correlation coefficients of 0.983 and 0.900 for SD II (1) and SD-FLU-SD I (2), respectively. 
Additional aromatic solvents p-cymene (CYM) and 1-methylnaphthalene (1MN) are shown in 
red 
 
The results shown in Figure 17a indicate that in both the CHX/TOL and TOL/CAN 
solvent systems the bathochromic shift of the absorption maximum is greatest in 100% toluene. 
The trend seen in the CHX/TOL mixtures reverses in the TOL/CAN mixtures. This poor 
correlation with ∆F led to a search for an alternative polarity scale that would better correlate 
with the observed results and therefore better explain the role that the solvent was having on the 
photophysical properties of these compounds. The Bayliss polarity scale, given by f(n2) = (n2-
1)/(2n2+1), is based only on the polarizability portion of ∆f.86 Plots of peak absorption with f(n2) 
resulted in much better correlations with solvent polarity for these solvent systems, and the 
correlations only improved when the aromatic solvents p-cymene and 1-methylnaphthalene were 
































































































































































































included, as shown in Figure 17b. Linear fits of the two sets of data resulted in good correlation 
coefficients of 0.900 and 0.983 for SD-FLU-SD I and SD II, respectively. 
Peak absorption values, measured in several additional solvents, such as DCM, THF, 
methanol, TAC, polyTHF, DMSO, PDMS, GLY, and PMPS, were added to the SD II plot (data 
from Figure 17b), and the results are shown in Figure 18. Most of the data coincide with a linear 
fit. However, three of the solvents, PDMS, glycerol, and PMPS, result in peak absorptions that 
fall distinctly below the general trend seen for the other solvents. The common feature among 
these solvents is their much higher viscosities, 450 cP or larger. This viscosity-dependent effect 
may be tentatively attributed to limited solubility in the viscous solvents, resulting in partial 
aggregation and a blue shift of the absorption band. 
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Table 2. Linear photophysical parameters of SD-FLU-SD I and SD II in different solvents: absorption (λmaxabs) and 
fluorescence (λmaxfl) peaks in nm, maximum extinction coefficients (εmax) in M-1cm-1 are shown in brackets in the absorption 
column, and fluorescence quantum yields (Φ). Solvent properties: polarity (∆f and f(n2)), viscosity (η) in cPs, and refraction 
index (n) 












λmaxabs nm  









DCM 0.217 0.203 0.440 1.424 
656 
(4.0 x 105) 
665 0.25 ± 0.04 636 
(2.8 x 105) 
644 0.22 ± 0.03 
THF 0.210 0.198 0.550 1.407 
658 
(4.1 x 105) 
667 0.31 ± 0.05 637 
(3.0 x 105) 
645 0.30 ± 0.05 
TOL 0.0132 0.226 0.590 1.497 
661 
(4.7 x 105) 
670 0.53 ± 0.08 641 
(2.8 x 105) 
648 0.51 ± 0.08 
polyTHF(b) 0.145 0.217 
40 - 80 
at 40 °C 
1.464 660 669 0.47 ± 0.07 638 645 0.55 ± 0.08 
Methanol 0.309 0.169 0.600 1.328 651 661 0.05 ± 0.008 628 635 0.05 ± 0.008 
DMSO 0.263 0.221 2.216 1.479 665 673 0.09 ± 0.014 642 651 0.19 ± 0.03 
Glycerol 0.264 0.218 1412 1.470 -- -- -- 636 644 0.55 ± 0.08 
pCymene 0.00302 0.225 3.402 1.491 660 668 0.59 ± 0.09 639 646 0.58 ± 0.09 
Triacetin(c) 0.196 0.205 17.4 1.43 658 666 0.43 ± 0.09 636 644 0.44 ± 0.06 
Silicone Oil PDMS(d) 0.0533 0.197 500 1.405 -- -- -- 632 638 0.44 ± 0.07 
Silicone Oil PMPS (e) 0.0466 0.238 
450 - 
550 
1.537 661 668 0.62 ± 0.09 639 646 0.54 ± 0.08 
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1-Methyl-Naphth 0.0210 0.259 3.1 1.618 668 677 0.60 ± 0.09 647 655 0.61 ± 0.09 
100% CHX 0.000 0.204 0.980 1.426 656 662 0.34 ± 0.05 636 641 0.40 ± 0.06 
10% TOL/CHX 0.000148 0.206  1.433 656 664 0.45 ± 0.07 636 642 0.47 ± 0.07 
25% TOL/CHX 0.00270 0.210  1.444 656 666 0.49 ± 0.07 637 644 0.49 ± 0.07 
50% TOL/CHX 0.00660 0.216  1.462 659 668 0.54 ± 0.08 638 646 0.51 ± 0.08 
95% TOL/ACN 0.114 0.224  1.490 661 671 0.53 ± 0.08 640 648 0.44± 0.07 
90% TOL/ACN 0.161 0.222  1.482 661 671 0.49 ± 0.07 640 648 0.38 ± 0.06 
75% TOL/ACN 0.221 0.215  1.460 660 668 0.23 ± 0.03 639 646 0.24 ± 0.04 
50% TOL/ACN 0.260 0.203  1.423 657 668 0.16 ± 0.02 636 645 0.16 ± 0.02 
25%TOL/ACN 0.285 0.189  1.384 656 666 0.10 ± 0.02 634 642 0.10 ± 0.02 
10% TOL/ACN 0.297 0.181  1.360 655 664 0.07 ± 0.01 632 641 0.08 ± 0.01 
5% TOL/ACN 0.301 0.178  1.352 654 664 0.06 ± 0.009 632 640 0.06 ± 0.009 
100% ACN 0.305 0.175  1.344 653 663 0.07 ± 0.009 631 640 0.06 ± 0.009 
For mixtures, n is calculated as nmix = (vAn2A + vBn2B)1/2. 
(a) Solvent data taken from reference 87; (b) Invista product literature for Terathane®; (c) Eastman Chemical Company data 
sheet, 1999; (d) Acros Organics product data; (e) Sigma-Aldrich Chemical Company product literature. 
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Figure 18. Peak absorption of SD II for several solvents (red points) vs. Bayliss polarity scale, 
f(n2), plotted against the linear fit shown in Figure 5b of text. (solid blue line) 
 
Further examination of the absorption data for SD-FLU-SD I revealed that even better 
correlation coefficients than 0.9 could be obtained if all solvents were separated into two groups: 
the first group based on the TOL/ACN mixtures and the second group based on the TOL/CHX 
mixtures including aromatic solvents. The results are given in Figures 19a and 19b. 
As observed in Figure 19, this solvent segregation led to an improvement of the 
correlation coefficient for SD-FLU-SD I from 0.9 to 0.98, reflecting a difference in these two 
groups of solvents. Quantum chemical calculations (Section 4) suggest that the SD-FLU-SD I 
can exist in three different conformations, and this dual solvatochromic response could be an 
indication that the different solvent systems favor different equilibrium conformational 
distributions. Also, it is possible that the SD part of SD-FLU-SD I is better solvated by the 
TOL/ACN system, while the FLU construct, with its very nonpolar ten-carbon alkyl chains, is 
better solvated by the TOL/CHX/aromatic solvents. It is also interesting to note that the peak 




















































absorption in THF, triacetin (TAC), and pTHF correlate best with the TOL/ACN system, while 
values in DCM correlate best with the other solvents. SD-FLU-SD I was not sufficiently soluble 
in PDMS and glycerol to perform absorption measurements in those solvents. However, in 
viscous PMPS the result for SD-FLU-SD I was the same as that observed for SD II, i.e., the peak 
absorption was well below either series. 
 It is reasonable that the polarizability, or f(n2) values, of the solvents may not completely 
account for the effect of all solvents on these molecules. However, the excellent agreement, 
shown by the data in Figures 17b, 18, and 19, and Table 2, indicate that the electronic 
polarizability of the solvent is the predominant effect. Good linear correlations of peak 
absorption with solvent polarizability have been reported previously for several squaraines, while 
correlations that include dielectric constant are poor.88,89 This is consistent with the fact that 
polarity scales, such as ∆f, that include the dielectric constant, cannot be used for 
centrosymmetric molecules with zero permanent dipole moments and nearly equal quadrupolar 
moments in the ground and first excited states. In these cases only those relationships based on 
the solvent refractive index are most appropriate, since they better reflect the stabilization of the 
excited state, which is more polarizable than the ground state.89,90 This stabilization of the 
excited state is accomplished by dispersive interactions with the highly polarizable solvent.88,89 It 
is important to note that this approach excludes any cases of the specific interactions between the 
solvent and dye molecules, such as hydrogen bonding or charge transfer complexes. 
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Figure 19. (a) Linear fit of SD-FLU-SD I in TOL/ACN mixtures (solid line) and (b) linear fit of 
SD-FLU-SD I in TOL/CHX/aromatic solvent systems (solid line) 
 
3.4. Quantum-Chemical Analysis and Discussion 
3.4.1. Quantum-Chemical Approach 
Quantum-chemical study was performed with the goal of understanding: (1) the 
formation of the linear absorption spectrum of SD-FLU-SD I, (2) polarity effects on the 
absorption peaks, and (3) the nature of increased 2PA for SD-FLU-SD I in comparison with the 
spectra of the individual SD II molecules.  
The Gaussian 2009 suite of programs91 was employed for all DFT and TD-DFT 
calculations. We used a hybrid meta-GGA exchange-correlation functional M05-QX,92 which is 
a modified version of M05 functional93 with a fraction of the Hartree-Fock exchange increased to 
35% in order to better reproduce both 1PA and 2PA spectra. Excitation energies for polymethine 
and squaraine (to a lesser extent) dyes are known to present a challenge for the TD-DFT 
method.94 The physical reasons for this inaccuracy and a remedy to improve the excitation 
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energy predictions were proposed recently.95 In sharp contrast with polyenes, the lowest 
electronic excitation in polymethine dyes results in substantial charge transfer between even and 
odd atoms in the chain. The TD-DFT method, in commonly used adiabatic approximation, is 
evaluating the excited-state energy in the potential, generated by the ground state. This 
approximation works well when the electron density does not change much upon excitation, but 
results in larger than usual errors in cases where the density of the excited state substantially 
differs from that of the ground state. However, the electron density of the excited state can be 
used in a static DFT calculation to obtain a more accurate energy of this excited state, and this 
approach is called frozen density approximation.95 
The respective excitation energy can be obtained as a difference (Δ) of the self-consistent 
field (SCF) energies of the ground and the excited state determinants (this is known as ΔSCF), or 
using SCF for the ground state and frozen density for excited state (FD-DFT). These FD-DFT 
excitation energies for the lowest singlet state are reported in Table 3. The energies for the higher 
excited states, not associated with the substantial changes in electron density, were not corrected. 
In our calculations, solvent was taken into account with the polarizable continuum model 
(PCM) in its recent Solvent Model Density (SMD) parameterization.96 The ground-state 
geometries of the investigated dyes were optimized at the M05-QX/6-31G*/PCM theory level, 
and the vertical electronic transitions were predicted in this geometry using TD DFT at the TD-
M05-QX/6-31G*/PCM theory level. The emission spectra were predicted at the respective 
optimized geometries of the excited states. The non-equilibrium version of the solvent model 
was used in absorption prediction, while an equilibrium-state-specific solvation model was used 
in predicting emission. This means that the solvent polarity, presented by equation ∆f = (ε-
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1)/(2ε+1) - (n2-1)/(2n2+1), is described by two dielectric constants corresponding to two terms in 
this equation: the slow component, related to the static dielectric constant and originating from 
the orientational relaxation of solvent molecules, and the fast component, related to the refractive 
index and describing the electronic response of the solvent. 
In the non-equilibrium solvent model, the ground and excited states are initial and final 
states, respectively. The electronic component is presumed to instantly adapt to the charge 
distribution in the final (excited) state of solute, while the orientational component is responding 
to the charge distribution in the initial (ground) state of solute. In the equilibrium model, the 
ground and excited states reverse roles and become the final and initial states, respectively. The 
standard equilibrium solvent model is typically used to simulate fluorescence. In our systems, 
this model predicted unrealistically large solvatochromic shifts, therefore, we applied a state-
specific solvation method. In this method the external iterations are used to make solvent 
response self-consistent with the density of the specific excited state. 
 
3.4.2. Ground-State Conformations of SD-FLU-SD I and Linear Absorption Spectra 
SD-FLU-SD I has two acetylene bridges that are characterized by low energy rotational 
barriers. Indeed, the relaxed twist around each of the triple bonds produced a barrier close to 1.0 
kcal/mol, while a simultaneous twist of both triple bonds is associated with a barrier of 2.0–2.3 
kcal/mol, depending on the solvent. The barriers in the ππ* excited state are slightly higher, up to 
3.2 kcal/mol. The planar geometry of SD-FLU-SD I has three possible conformations: up-up, up-
down, and down-down, as shown in Figure 20. The angles between transition dipoles of SD and 
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FLU chromophores are ≈59º for up-up, ≈22º for up-down, and ≈70º for down-down 
conformations. 
The ground-state energies of these conformations are very close, differing by only ≈0.1 
kcal/mol, therefore, all rotamers about triple bonds coexist in solution in dynamic equilibrium. 
Our calculations show that three representative rotamers (depicted in Figure 20) are 
characterized by almost identical linear and 2PA spectra, except for the ratio between the 
oscillator strength for S0 → S1 and S0 → S2 transitions. However, the energy splitting between 
these transitions is small, ≈10–20 nm, and cannot be resolved experimentally. Thus, for 




Table 3. Calculated 1PA and 2PA properties of 19 lowest singlet excited states for SD-FLU-SD I in DCM, predicted at TD-
DFT level: irreducible representation of the final state (symmetry) – Irr; excitation energies (eV); 1PA wavelengths (nm); 
oscillator strengths (proportional to the absorption intensities); leading Kohn-Sham configurations; 2PA cross-section (δ2PA); 
intermediate state in 2PA process (i); transition dipole moments between the ground and intermediate (μ0i) and between the 





















1 B2 π→π* 2.1 (1.97) 588 (628) 3.8 (H-1→L+1) + (H→L) 0    
2 A1 π→π* 2.15 576 0.8 (H-1→L) + (H→L+1) 0    
3 A1 π→π* 2.7 458 0 -(H-1→L) + (H→L+1) 918 S1 22.7 5.6 
4 B2 π→π* 2.7 457 0 (H-1→L+1) - (H→L) 0    
5 B1 N→π* 2.84 436 0 (H-4→L) + (H-3→L+1) 0    
6 A2 N→π* 2.84 436 0 (H-4→L+1) + (H-3→L) 0    
7 B2 π→π* 3.14 394 0.6 H-2→L < 60    
8 B2 π→π* 3.26 379 0.2 H-2→L+1 1015 S2 9.8 8.2 
9 A1 π→π* 3.28 377 0 H→L+1 8787 S7 8.7 18.3 






















11 A1 π→π* 3.75 330 0 H-5→L 4281 S7 8.66 11.1 
12 B2 π→π* 3.77 328 0 H-2→L+2 3030 S2 9.8 3.0 
13 B2 π→π* 3.82 324 0 H-5→L+1 < 60    
14 A2 N→π* 3.83 323 0.6 (H-10→L+1) + (H-9→L) 0    
15 B1 N→π* 3.83 323 0.25 (H-10→L) + (H-9→L+1) 0    
16 A1 π→π* 3.86 320 0.05 H-7→L 2542 S1 22.65 1.39 
17 B2 π→π* 3.88 318 0.1 H-7→L+1 0    
18 A1 π→π* 4.05 305 0 H→L+3 8968 S1 22.65 1.79 




















Figure 20. The lowest energy conformers for SD-FLU-SD: (a) up-up; (b) up-down, and (c) 
down-down 
 
The shapes of the leading MOs for SD-FLU-SD I are presented in Figure 21 while the 
Gaussian-widened linear absorption spectrum in DCM is shown in Figure 22.  
From the analysis of Figures 21 and 22 and Table 3, one can see that the long wavelength 
absorption band for SD-FLU-SD I includes two electronic transitions, S0 → S1 and S0 → S2, as a 
result of the interaction (coupling) of two squaraine chromophores. These transitions are 
overlapping, since the splitting energy is small (≈15 nm), and there is a five-fold difference in 
their oscillator strengths. The transition dipole for S0 → S1 is parallel to the long molecular axis, 
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while the transition dipole for S0 → S2 is smaller and perpendicular to it. The leading 
configurations involved in these transitions, H→L, H-1→L, H→L+1, and H-1→L+1 are 
localized within squaraine fragments. Results of calculations are in agreement with the excitation 
anisotropy data shown in Figure 15. The two next transitions with zero oscillator strengths 
involve the same configurations and represent forbidden transitions into the second excited state 
for each squaraine chromophore. Transitions 5 and 6 are of n→π* nature, due to the existence of 
unshared electron pairs on the oxygen atoms, and are characterized by zero oscillator strength. 
They involve H-3 and H-4 molecular orbitals (see Figure 21), which are localized in the plane 
perpendicular to the main π→π* conjugation system. 
The next group of the “bright” transitions is placed in the spectral range 370–400 nm and 
involve almost “pure” transitions from H-2 to L and L+1. They represent the charge transfer 
transitions from the fluorene fragment (H-2) to squaraine parts (L and L+1). S0 → S14 and S0 → 
S15 transitions are of n→π* nature, involving H-9 and H-10 molecular orbitals, not shown in 
Figure 21. Transitions, placed in the range of 330 nm, are of π→π* nature and are confined 















































Figure 21. Shapes of the HOMO (H), LUMO (L) and other essential Kohn-Sham orbitals 
involved in the main electronic transitions in SD-FLU-SD 
 
3.4.3. Analysis of the 1PA and 2PA Spectra 
Calculated and experimental 1PA and 2PA spectra for SD II and SD-FLU-SD I in DCM 
are shown in Figures 22 and 23 with the 2PA spectra plotted on a semi-logarithmic scale. For 
comparison of transition wavelengths, 1PA and 2PA spectra for each dye are shown on the same 
graph with separate axes for 1PA (bottom) and 2PA (top) photon wavelengths.  
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One can see from these figures that the calculated and experimental 1PA spectra are in 
general agreement despite some differences (note that we did not attempt to adjust any 
parameters to get a complete overlap). The position of maximum absorption wavelengths were 
predicted nearly 20 nm shorter than experimental values for the reasons discussed above. 
Apparently, FD-DFT reduces this disagreement but does not eliminate it completely. The higher-
lying bright states are predicted close to the experimental maxima, although somewhat too sharp. 
This is expected from a calculation not taking into account vibronic broadening. The calculated 
line shapes appear due to the use of habitual empirical line width of 0.1 eV and are approximate. 
 
 
Figure 22. Calculated and experimental 1PA and 2PA spectra for SD-FLU-SD I in DCM: 1) - 
experimental 1PA, 2) - calculated 1PA; 3) - measured 2PA, 4) - calculated 2PA 
 






























The experimentally observed 2PA spectrum of SD II (see Figure 23) consisted of two 
bands: a relatively weak peak of δ2PA ≈50 GM at 600 nm, corresponding to the 2PA excitation 
into the vibronic shoulder of the strongly one-photon-allowed S0 → S1 transition, and a high 
intensity band with δ2PA up to 7200 GM (two-photon excitation at 700 nm). The peak of this 
band is not resolved experimentally due to the tail of the linear absorption. It is important to note 
that there is a region between these two 2PA bands where the 2PA cross-section dips to very 
small values (≈5–7 GM). The calculations predict the short wavelength 2PA band to peak at 
≈600 nm, in good agreement with the trend on the experimental spectrum. The magnitude of 
predicted and observed δ2PA values are also in a good agreement. 
 
 
Figure 23. Calculated and experimental 1PA and 2PA spectra for SD II in DCM: 1) - 
experimental 1PA, 2) - calculated 1PA; 3) - measured 2PA, 4) - calculated 2PA 
 





























Since the vibronic effects are not included in our calculations, and purely electronic 
transition into S1 has a vanishing 2PA cross-section, only the tail of the calculated electronic 2PA 
band was observed in the long wavelength region. The nature of the 2PA bands for SD II has 
been investigated previously.25,47,97,98 As was shown in reference 97, there are four 2PA bands 
measured for SD II. 
1. A weak band at the 2PA into the vibronic shoulder of the 1PA band with δ2PA ≈40 GM. 
By dipole selection rules this band is 2PA forbidden, but Scherer et al.47 found that this 
band is weakly allowed due to vibronic coupling. Fu et al.25 confirmed this finding via 
2PA anisotropy measurements. Brédas et al.98 also confirmed this finding through 
quantum calculations and by ruling out the possibility that this 2PA band is either due to 
electronic transitions into the 1PA bands of possible non-centrosymmetric conformers or 
due to the excitation into the S2 electronic state with the energy close to the 1PA band.  
2. The first two-photon allowed band around 1100 nm (2PA excitation) into S2 state. 
3. The more intense 2PA allowed band at 820 nm (2PA excitation). Scherer et al. 47 reported 
this 2PA band and demonstrated, by polarized light measurements, that this band is due 
to an Ag – Ag transition.  
4. The highest intensity 2PA band at 710 nm (2PA excitation) with δ2PA ≈5200 GM, the 
maximum of this band being unreachable due to the tailing of the 1PA band.25,97  
The experimental 2PA spectrum for the SD-FLU-SD is presented in Figure 22. It is 
broader than that of SD II and covers the entire measurable region with δ2PA ranging from 150 
GM (two-photon excitation at ≈1200 nm) to 3000 GM (two-photon excitation at ≈800 nm). The 
calculated 2PA spectrum again is missing the vibronic shoulder of S1 and finds two peaks at 750 
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nm and 650 nm, just outside of the experimentally accessible region. Our study suggests that the 
broadening of the 2PA in SD-FLU-SD I, as compared to the SD II spectrum, can be explained 
by the existence of several efficient CT bands across the large conjugated chain via alkyne triple 
bonds from the SD to the FLU constituents. 
To understand the nature of the 2PA transitions in SD-FLU-SD I, we present the 
calculated properties of 19 lowest singlet excited states in Table 3. One can see that the first 
calculated 2PA band with δ2PA of 918 GM is placed at 458 nm (two-photon excitation at 916 nm) 
and corresponds to S3 final state with S1 as intermediate state. The Kohn-Sham orbitals, involved 
into this transition, are localized within the squaraine fragments only (H and H-1 to L and L+1). 
The next group of the overlapping 2PA transitions (to final S9, S10, S11 states) is predicted in the 
range 330-377 nm (two-photon excitation 650–750 nm). They involve the higher 1PA active 
state, S7 as the intermediate state (these transitions are localized on FLU fragment). Close to 
these states are 2PA-active S8 and S12 states that have S2 as intermediate state. State S2, along 
with S1, originate from the coupling of HOMO to LUMO transitions of the two SD fragments 
placed at an angle. While the S0 → S1 transition dipole is parallel to the long molecular axis, the 
S0 → S2 transition dipole is perpendicular to it (while still within the molecular plane). These last 
groups of 2PA states represent mainly CT transitions from the orbitals localized on fluorene (H-2 
and H-5) to the ones localized on squaraine (L and L+1) fragments. Similar CT transitions 
(H→L+3) are responsible for the next group of intensive 2PA transitions, which are not 
experimentally accessible. It is worth noting that the two-dimensional nature of the combined 
chromophore SD-FLU-SD I plays an important role in 2PA absorption. It involves more states 
into the 2PA process by making more 1PA active states available as intermediate states. 
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3.4.4. Solvatochromic Shifts and Solvent Dependence of the Quantum Yield 
The polarizable continuum model predicts solvatochromic shifts in both SD II and SD-
FLU-SD I in close agreement with the experiment, as one can see from Table 4. In order to 
understand the reversed direction of solvatochromic shift in CHX/TOL and TOL/ACN mixtures 
(shown in Figure 5), we analyzed the polarity of SD II solute in the ground and excited states in 
polar and nonpolar solvents. Our analysis reveals that while the dipole moments of solutes are 
zero, the molecular quadruple moments and Mulliken atomic charges (not shown) are very 
similar in the ground and excited states, although they somewhat differ from one solvent to 
another. In conjunction with the nonequilibrium PCM model employed in our simulations, this 
means that the slow (orientational) component of the solvent reaction field stabilizes the ground 
and excited states to the same degree and does not effect a solvatochromic shift. The fast 
(electronic) solvent response, however, stabilizes the excited state only. Therefore, 
solvatochromic shifts are determined by the dielectric constant at the high-frequency limit 
(defined as the square root of the refractive index). Hence, solvatochromic shifts appear 
monotonic according to the Bayliss solvent polarity scale, in full agreement with the 
experimental data presented in Figure 17b. Emission solvatochromism follows a similar trend, 
except this time it is the final ground state that experiences the extra stabilization by the fast 
component of the solvent reaction field. 
In order to simulate the emission from SD II and SD-FLU-SD I, we optimized the 
geometry of the S1 excited state into the local minimum near the Franck-Condon region. 
However, as has been known, many donor-acceptor substituted chromophores often demonstrate 
another global minimum referred to as a twisted intramolecular charge transfer (TICT) state.88,98–
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102 We optimized SD II in the ground and first excited states with one dihedral constraint, and 
plotted the minimal energy pathways (MEP) upon change of the dihedral angle from the planar 
trans- (0o) through twist- (90o) to the cis- conformation (180o). These MEPs are shown in Figure 
24. As anticipated, the ground state in a vacuum has a global minimum for the trans-
conformation (Figure 24b) and another (2.5 kcal/mol less stable) minimum for the cis-
conformation (Figure 24e). They are separated by a ~23 kcal/mol barrier at an 80o twist (Figure 
24d). Also expected, this dihedral rotation is accompanied by the pyramidalization of both 
carbon atoms separated by the rotating bond. Upon this twist, the dipole moment of the ground 
state increased gradually from 0.3 D to 3.0 D, then jumped abruptly to 11 D and retained this 
value in the dihedral range (60–120o). This jump indicates the transition from diradical to 
zwitterionic nature of the twisted conformation, consistent with the charge transfer state. The 
solvent stabilizes the twisted zwitterion, reducing the barrier to 21–22 kcal/mol, but retains MEP 
unchanged otherwise. 
The excited state MEP is distinctly different. The first excited state retains high oscillator 
strengths and closely follows the ground state MEP and the dipole moment for the first few steps 
from the planar conformation (0–20o and 140–180o). However, after the next step away from 
planarity, the permanent dipole moment increased sharply, the oscillator strength vanished, and 
MEP descended to a global minimum at an 80o twist. The excited-state energy in the twisted 
conformation was nearly degenerate to the ground state at the same geometry, and the value of 
the dipole moment was similar to that in zwitterionic ground state, while the direction is 
opposite. This situation is similar to the sudden polarization (spontaneous symmetry breaking) of 





                               b)                               c)                      d)                            e) 
Figure 24. (a) The minimum energy pathways (MEP) obtained with the relaxed scan of the 
NCCC dihedral in the ground and excited states of SD II in a vacuum and in three solvents 
(CHX, TOL, ACN). MEP is plotted in kcal/mol vs. equilibrium geometry of the ground state in a 
vacuum (b). Transition states in S1 (c), equilibrium twisted state in S1 (d), and the metastable cis- 
conformation in S0 (e) are also shown 
 




































Near degeneracy of the ground and excited states in twisted conformation opens an 
efficient channel for radiationless deactivation of the excited state, and the apparent fluorescence 
quantum yield depends on the ratio of the emission rate and the conformational transition over 
the potential barrier at a 30o twist. Seemingly, this barrier is the crossing point between the 
ascending MEP of the diradical bright excited state and the descending MEP of another 
(zwitterionic) dark charge-transfer state. The solvent has a critical effect on the height of this 
barrier. As one can see from Figure 24a, in a vacuum this barrier is relatively high (7.2 
kcal/mol); in TOL it is reduced to 4.2 kcal/mol, while in CHX and ACN it is much smaller (1.2 
and 1.4 kcal/mol, respectively). This trend is similar to the trend in solvatochromic shift, which 
was discussed earlier, i.e., the value is determined primarily by fast (electronic) solvent polarity 
character. 
 
Table 4. Predicted solvatochromic shifts (∆λabs and ∆λfl) for SD and SD-FLU-SD in CHX, TOL, 
and DCM, along with the potential barrier (∆E) to radiationless deactivation. The orientational 
(ε) and electronic (εinf) dielectric constants of the solvents used in nonequilibrium PCM model 














VAC 1.000 1.000 0 0 7.2 0 0 
CHX 2.017 2.035 41 41 1.2 36 36 
TOL 2.374 2.238 46 50 4.2 40 44 
DCM 35.688 1.807 36 36 1.4 32 90 
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3.5 Experimental Section 
3.5.1 Synthetic Procedures 
All reagents and solvents were used as received from commercial suppliers unless 
otherwise noted. 1H and 13C NMR spectra were recorded in CDCl3 or DMSO-d6 on a Varian 
NMR spectrometer at 500 and 125 MHz respectively. Elemental analysis was performed by 
Atlantic Microlab, Inc. High resolution MS was performed at the Unversity of Florida. 
Preparation of 5-bromo-2, 3, 3-trimethyl-3H-indole (1). 5-Bromo-2, 3, 3-trimethyl-3H-indole 
(1) was accomplished according to a literature procedure.79 1H NMR (500 MHz, CDCl3) δ 7.46 – 
7.34 (m, 3H), 2.26 (d, J = 1.0 Hz, 3H), 1.30 (d, J = 1.0 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 
188.42 , 152.71 , 147.82 , 130.63 , 124.83 , 121.26 , 118.82 , 54.13 , 22.94 , 15.43. 
Preparation of 5-bromo-1-ethyl-2, 3, 3-trimethyl-3H-indolium iodide (2).79 5-Bromo-2,3,3-
trimethyl-3H-indole (0.795 g, 3.34 mmol) and ethyl iodide (2.59 g, 16.6 mmol) were dissolved in 
acetonitrile (1.75 mL) and the mixture was heated for 7.5 minutes by microwave irradiation at 
140°C and maximum pressure of 100 psi. The resulting solid was dissolved in 50 mL hot 
acetonitrile and added to 75 mL diethyl ether. The resulting precipitate was filtered and washed 
thoroughly with more diethyl ether to yield 1.07 grams (81%) of pink solid, mp 214 – 215°C 
(dec). 1H NMR (500 MHz, DMSO-d6) δ 8.20 – 8.10 (m, 1H), 7.91 (d, J = 8.6 Hz, 1H), 7.83 (dd, 
J = 8.4, 2.1 Hz, 1H), 4.45 (q, J = 7.3 Hz, 2H), 2.80 (s, 3H), 1.53 (s, 6H), 1.41 (t, J = 7.3 Hz, 3H). 
13C NMR (125 MHz, DMSO-d6) δ 197.08, 144.68, 140.49, 132.33, 127.34, 123.21, 117.68, 
54.84, 43.74, 22.11, 14.32, 12.99.  
Preparation of 3-ethoxy-4-[(5-bromo-1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-ylidene) 
methyl]-3-cyclobutene-1,2-dione (4). 1-Ethyl-2, 3, 3-trimethyl-3H-indolium iodide (0.105 g, 
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0.266 mmol) was suspended in ethanol (5 mL). Triethylamine (0.5 mL) was added and the 
mixture immediately turned clear, light red in color. Diethylsquarate (0.270 g, 1.59 mmol) was 
added and the color began to turn yellow orange. The mixture was allowed to stir at room 
temperature for approximately 18 h. The solvent was then removed under vacuum, and the 
residue was dissolved in dichloromethane and purified by column chromatography. The solvent 
system was ethyl acetate in hexane, beginning with 17.5% and increasing until the final product 
was eluted with 25% ethyl acetate in hexanes to yield 0.78 g (75%) of yellow orange solid, mp 
186 – 187°C. 1H NMR (500 MHz, CDCl3) δ 7.43 – 7.31 (m, 2H), 6.73 (d, J = 8.3 Hz, 1H), 5.39 
(s, 1H), 4.90 (q, J = 7.1 Hz, 2H), 3.85 (q, J = 7.2 Hz, 2H), 1.61 (s, 6H), 1.54 (t, J = 7.1 Hz, 3H), 
1.32 (t, J = 7.2 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 192.54, 188.22, 188.04, 173.86, 167.13, 
143.26, 141.53, 130.85, 125.67, 115.36, 109.58, 81.70, 70.32, 48.18, 37.99, 27.15, 16.17, 11.47. 
HR-MS theoretical m/z [M]+ = 389.0621 and [M+H]+ = 390.0699; found [M]+ = 389.0601 and 
[M+H]+ = 390.0689. 
Preparation of 3-hydroxy-4-[(5-bromo-1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-ylidene) 
methyl]-3-cyclobutene-1,2-dione (5). 3-Ethoxy-4-[(5-bromo-1-ethyl-1,3-dihydro-3,3-dimethyl-
2H-indol-2-ylidene)methyl]-3-cyclobutene-1,2-dione (0.101 g, 0.259 mmol) was dissolved in 
acetone (8 mL) and heated. HCl (1.5 mL of 2N) was added and the mixture was heated under 
reflux for 8 h. The reaction was cooled to room temperature and the solvent was removed under 
vacuum to yield 91.7 mg (98%) of orange solid. 1H NMR (500 MHz, DMSO-d6) δ 7.62 (d, J = 
2.1 Hz, 1H), 7.42 (dd, J = 8.3, 2.0 Hz, 1H), 7.05 (d, J = 8.4 Hz, 1H), 5.51 (s, 1H), 3.87 (q, J = 7.1 
Hz, 2H), 1.55 (s, 6H), 1.18 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ 192.72, 
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174.53, 164.40, 143.20, 142.17, 130.84 , 125.55, 113.82, 110.54, 82.26, 47.53, 37.49, 27.04, 
11.37. HR-MS theoretical m/z [M+H]+ = 362.0386; found [M+H]+ = 362.0392. 
Preparation of 2-(5-Bromo-1-ethyl-3,3-dimethyl-2,3-dihydroindol-2-ylidene)methyl-4-(1-ethyl-
3,3-dimethyl-2,3-dihydroindol-2-ylidene)methylcyclobutenediylium-1,3-diolate (7).80 1-Ethyl-2, 
3, 3-trimethyl-3H-indolium iodide (0.400 g, 1.27 mmol) was suspended in 1-butanol (6 mL) 
under nitrogen. Aqueous sodium hydroxide (0.85 g/mL) was added (1 mL) with stirring, and the 
solution turned clear yellow and all solid dissolved. The solution was dried over magnesium 
sulfate and added to 3-hydroxy-4-[(5-bromo-1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-
ylidene)methyl]-3-cyclobutene-1,2-dione (0.300 g, 0.83 mmol) in toluene (20 mL). Enough 1-
butanol was added to make a total volume of 40 mL, and the mixture was refluxed using a Dean-
Stark trap. The color turned dark green within the first 15 min, but the reaction was refluxed for 
5.5 h while monitoring by TLC. The reaction was then cooled to room temperature, solvent was 
removed under vacuum, and the resulting solid was dissolved in CHCl3 and purified by column 
chromatography (5% methanol in CHCl3 followed by dichloromethane: methanol: acetone, 
8:0.9:1.1) to yield 226 mg (51%) of blue-green crystalline solid. Final purification was 
accomplished by recrystallization in dichloromethane/cyclohexane, mp 279 – 280°C. 1H NMR 
(500 MHz, CDCl3) δ 7.46 – 7.37 (m, 3H), 7.37 – 7.31 (m, 1H), 7.19 (t, J = 7.5 Hz, 1H), 7.04 (d, J 
= 7.9 Hz, 1H), 6.83 (d, J = 8.3 Hz, 1H), 6.00 (s, 1H), 5.93 (s, 1H), 4.12 (broad s, 2H), 4.00 
(broad s, 2H), 1.90 – 1.56 (m, 12H), 1.42 (dd, J = 8.1, 6.9 Hz, 3H), 1.38 (t, J = 7.2 Hz, 3H). 13C 
NMR (125 MHz, CDCl3) δ 181.28, 178.96, 170.64, 168.07, 142.40, 141.82, 141.18, 130.62, 
127.8 , 125.73, 124.10 122.42, 116.13, 110.09, 109.40, 86.60, 86.51, 49.59, 49.14, 38.59, 38.34, 
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27.11, 26.89, 12.10, 11.86. HR-MS theoretical m/z [M]+ = 530.1563; [M+Na]+ = 553.1461; 
found [M]+ = 530.1569; and [M+Na]+ = 553.1466. 
Preparation of 9,9-didecyl-2,7-bis[2-(trimethylsilyl)ethynyl]-9H-fluorene (8). 9.9-Didecyl-2,7-
dibromo-9H-fluorene (1.0 g, 1.66 mmol), Pd (PPh3)2Cl2 (0.023 g, 0.033 mmol), CuI (0.032 g, 
0.0166 mmole), PPh3 (0.017 g, 0.066 mmole), and diethylamine (15 mL) were combined in a 
sealed tube reactor in a glovebox. Trimethylsilylacetylene (0.39 g, 3.98 mmol) was added and 
the sealed tube was moved to a fume hood where it is heated to 55 °C for 17 h. The reaction was 
cooled to room temperature. Hexanes were added to completely dissolve product and the 
resulting mixture was purified by column chromatography, eluting product with hexanes to yield 
0.660 g (62% yield) of a colorless oil that slowly became a white solid upon evaporation of 
solvent; mp 80–81 °C. 1H NMR (500 MHz, CDCl3 δ 7.59 (d, J = 7.8 Hz, 2H), 7.45 (dd, J = 7.8, 
1.0 Hz, 2H), 7.41 (d, J = 1.1 Hz, 2H), 2.00 – 1.84 (m, 4H), 1.45 – 0.92 (m, 28H), 0.85 (t, J = 7.1 
Hz, 6H), 0.63 – 0.44 (m, 4H), 0.28 (s, 18H). 13C NMR (125 MHz, CDCl3) δ 150.87, 140.78, 
131.16, 126.15, 121.69, 119.75, 106.03, 94.18, 55.18, 40.31, 31.80, 29.96, 29.53, 29.44, 29.26, 
29.19, 23.59, 22.60, 14.05, 0.00. HR-MS theoretical m/z [M]+ = 638.4698; [M+H]+ = 639.4776; 
[2M+H]+ = 1277.9479; found [M]+ = 638.4687; and [M+H]+ = 639.4776; [2M+H]+ = 
1277.9468. 
Preparation of 2,7-diethynyl-9,9-didecyl-9H-fluorene (9).8 9,9-Didecyl-2,7-bis[2-
(trimethylsilyl)ethynyl]-9H-fluorene (0.522 g, 0.82 mmol) was dissolved in 5 mL 
dichloromethane. To this solution was added 5 mL methanol containing 0.4 g sodium hydroxide, 
and the reaction was allowed to continue at room temperature, monitoring by TLC. More sodium 
hydroxide (0.2 g) was added after 25 h and again after 22 more h. After 57 h total, 5 mL water 
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was added and the aqueous layer was separated and washed with dichloromethane. Solvent was 
removed to yield pale yellow oil. The crude product was purified by column chromatography 
eluting with hexanes to yield 0.385 g (95%) of faintly colored yellow oil. 1H NMR (500 MHz, 
CDCl3) δ 7.63 (d, J = 7.85 Hz, 2H), 7.48 (d, J = 8.0 Hz, 2H), 7.46 (s, 2H), 3.15 (s, 2H), 1.98 – 
1.87 (m, 4H), 1.35 – 0.95 (m, 28H), 0.85 (t, J = 7.06 Hz, 6H), 0.56 (ddt, J = 14.9, 10.47, 5.20 Hz, 
4H). 13C NMR (125 MHz, CDCl3) δ 151.05, 140.97, 131.23, 126.54, 120.83, 119.95, 84.52, 




ylidene)methylcyclobutenediylium-1,3-diolate (0.154 g, 0.235 mmol), 
dichlorobis(benzonitrile)palladium(II) (0.003 g, 0.009 mmol), copper(I) iodide (0.001 g, 0.004 
mmol), triphenylphosphine (0.003 g, 0.01 mmol), diisopropylamine (0.2 mL) and dioxane (16 
mL) were all combined in a sealed tube reaction tube in a glovebox. 2,7-Diethynyl-9,9-didecyl-
9H-fluorene (0.055 g, 0.112 mmol) was added and heated to 65 - 70°C. The reaction was 
followed by TLC. After 42 h the reaction was cooled and run through a silica plug using 5% 
methanol in dichloromethane. All solvent was then removed under vacuum, and the resulting 
solid was purified by column chromatography beginning with pure dichloromethane and 
gradually adding up to 3% methanol to yield 0.084 g (54%) of dark blue solid. Final purification 
was accomplished by recrystallization in dichloromethane/cyclohexane. 1H NMR (500 MHz, 
CDCl3) δ 7.68 (d, J= 7.8Hz, 2H), 7.61 – 7.47 (m, 8H), 7.39 (d, J = 7.4 Hz, 2H), 7.34 (t, J = 7.7 
Hz, 2H), 7.19 (t, J = 7.4 Hz, 2H), 7.04 (d, J = 7.9 Hz, 2H), 6.96 (d, J = 8.2 Hz, 2H), 6.02 (s, 2H), 
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5.98 (s, 2H), 4.12 (broad s, 4H), 4.06 (broad s, 4H), 2.12 – 1.92 (m, 4H), 1.82 (d, J = 9.3 Hz 
24H), 1.42 (td, J = 7.2, 3.0 Hz,12H), 1.34 – 0.99 (m, 28H), 0.93 – 0.77 (m, 6H), 0.63 (broad s, 
4H). 13C NMR (125 MHz, CDCl3) δ 182.35, 181.08, 170.58, 168.40, 151.11, 142.41, 141.83, 
140.62, 131.66, 130.65, 127.87, 125.87, 125.56, 124.09, 122.42, 121.96, 119.96, 118.09, 109.39, 
108.81, 90.59, 90.01, 86.87, 86.66, 55.27, 49.59, 48.92, 40.44, 38.60, 38.41, 31.86, 30.05, 29.60, 
29.52, 29.27, 27.15, 26.91, 23.74, 22.66, 14.11, 12.11, 12.03. HR-MS theoretical m/z [M+H]+ = 
1395.8600; found [M+H]+ = 1395.8600. 
Preparation of 1-ethyl-2, 3, 3-trimethyl-3H-indolium iodide (10).61 2,3,3-Trimethyl-3H-indole 
(0.764 g, 4.80 mmol) and ethyl iodide (3.94 g, 25.3 mmol) were dissolved in acetonitrile (2.40 
mL) and the mixture was heated for 7.5 min by microwave irradiation at 140°C and maximum 
pressure of 100 psi. The resulting solid was dissolved in 40 mL hot acetonitrile and added to 75 
mL diethyl ether. The resulting precipitate was filtered and washed thoroughly with more diethyl 
ether to yield 1.45 grams (96%) of light pink solid, mp 223 – 224°C. 1H NMR (500 MHz, 
DMSO-d6) δ 8.01 – 7.91 (m, 1H), 7.88 – 7.79 (m, 1H), 7.68 – 7.57 (m, 2H), 4.50 (q, J = 7.3 Hz, 
2H), 2.83 (s, 3H), 1.54 (s, 6H), 1.45 (t, J = 7.3 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ 
196.41, 142.30, 141.08, 129.73, 129.30, 123.89, 115.63, 54.47, 43.36, 22.24, 14.04, 13.00. 
Preparation of 2,4-Bis[(1-ethyl-3,3-dimethyl-2,3-dihydroindol-2-ylidene)methyl]cyclobutene-
diylium-1,3-diolate (II)47 1-Ethyl-2, 3, 3-trimethyl-3H-indolium iodide (0.400 g, 1.27 mmol) 
was suspended in hexane with vigorous stirring. A 4 N sodium hydroxide solution (0.6 mL) was 
added and the suspended solid slowly dissolved to give a translucent yellow mixture. This 
mixture was then added to a solution of diethylsquarate (0.140 g, 1.23 mmol) in 20 mL of a 1:1 
mixture of toluene and 1-butanol in a 50 mL 2-neck flask. The mixture was then heated under 
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reflux for 8 h in a nitrogen atmosphere using a Dean-Stark trap. After cooling to room 
temperature most of the solvent was removed under vacuum. The product was purified by 
column chromatography beginning with dichloromethane and slowly adding up to 2.5% 
methanol in dichloromethane. Final purification was accomplished by recrystallization with 
dichloromethane/cyclohexane to yield 0.247 g (44.5%) of a dark blue solid, mp 293 – 295°C. 1H 
NMR (500 MHz, CDCl3) δ 7.36 (d, J = 7.4 Hz, 2H), 7.31 (t, J = 7.7 Hz, 2H), 7.15 (t, J = 7.4 Hz, 
2H), 7.00 (d, J = 7.9 Hz, 2H), 5.96 (s 2H), 4.08 (s, 4H), 1.79 (s 12H), 1.40 (t, J = 7.2 Hz, 6H). 
13C NMR (125 MHz, CDCl3) δ 182.33 , 179.72 , 169.64 , 142.29 , 142.00 , 127.77 , 123.67 , 
122.35 , 109.09 , 86.24 , 49.32 , 38.40 , 27.00 , 12.02. Anal. Calcd. for C30H32N2O2: C, 79.61; H, 
7.13; N, 6.19; found C, 79.64; H, 7.20; N, 6.27. HR-MS theoretical m/z [M]+ = 452.2458; 
[M+H]+ = 453.2537; [M+Na]+ = 475.2356; found [M]+ = 452.2447; [M+H]+ = 453.2540, and 
[M+Na]+ = 475.2362. 
 
3.5.2. Linear Characterization 
The linear absorption spectra were obtained with an Agilent 8453 UV−visible 
spectrophotometer in 10 mm path length quartz cuvettes for dye concentrations of C = (10−5 − 
10−6) M to avoid aggregation. The steady-state fluorescence and anisotropy spectra were 
measured in the photon-counting regime using a PTI QuantaMaster spectrofluorimeter in 10 mm 
spectrofluorometric quartz cuvettes with C ≈ 10−6 M. All fluorescence spectra were corrected for 
the spectral response of the PTI detection system. Linear spectroscopic measurements were 
conducted in solvents of different polarity and viscosity: toluene (TOL); tetrahydrofuran (THF); 
polytetrahydrofuran (pTHF); tiacetin (TAC); methanol (MeOH); dimethylsulfoxide (DMSO); 
61 
acetonitrile (ACN), cyclohexane (CHX); 1-methylnaphthalene (1MN); p-cymene (CYM) 
dichloromethane (DCM); glycerol (GLY); and silicone oil, both polydimethylsiloxane (PDMS) 
and polymethylphenylsiloxane (PMPS), at room temperature. All solvents were of spectroscopic 
grade, when available, and used as received.  
 
3.5.3. Lifetime Measurements 
Fluorescence decay curves were measured in three solvents (TOL, THF, and DCM) using 
a PicoHarp 300 time correlated single-photon counting system with a time-resolution of ≈80 ps. 
The second harmonic of a Coherent Mira 900 femtosecond laser system (220 fs pulse width, 76 
MHz repetition rate) tuned to ≈800 nm was used for excitation. The linearly polarized laser beam 
at ≈400 nm was oriented at the magic angle in order to avoid possible effects of molecular 
rotation.97,104 Experimental lifetimes, obtained from the fitting of the fluorescence decay curves 
were compared with the lifetimes calculated according to τcal = τR*Φ, where Φ is the 
fluorescence quantum yield, and τR is the radiative lifetime calculated by the Birks-Dyson 
equation.84  
 
3.5.4. Two-Photon Absorption Measurements 
The 2PA spectra of SD-FLU-SD I and SD II were obtained in DCM solution at room 
temperature by open-aperture Z-scan methodology, comprehensively described in reference 105. 
A simplified scheme of the femtosecond laser system (Coherent, Inc.) is shown in Figure 1. The 
output of mode-locked Ti:sapphire laser (Mira 900-F tuned to 800 nm, with average power 1.2 
W, pulse duration ≈180 fs and repetition rate of 76 MHz), pumped by the second harmonic of 
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Nd3+:YAG laser (Verdi-10), was regeneratively amplified with 1 kHz repetition rate (Legend 
Elite), producing ≈100 fs pulses (FWHM) with pulse energy ≈3.5 mJ. This output at 800 nm was 
used for pumping an optical parametric amplifier (OPerA Solo) with exit pulse duration of ≈100 




Figure 25. Schematic of the experimental setup: M - 100% reflection mirrors; SM - 
spectrometer; AC - optical autocorrelator; SF - space filters; PD - Si and/or InGaAs 
photodetectors; L - focusing lenses; F - set of neutral and/or interferometric filters; St - step 





























A new hybrid squaraine-fluorene-squaraine dye has been designed to absorb over a broad 
range of wavelengths and synthesized by coupling two squaraine dyes to a central fluorene via 
ethyne linkages. The linear and two-photon absorption properties of the dye were measured and 
compared with the photophysical properties of the corresponding squaraine constituent. 
Extensive solvatochromic characterization was also conducted.  Quantum chemical calculations 
were used to enhance understanding of the experimentally measured 1PA and 2PA spectra, the 
fluorescence quantum yields, and solvatochromism leading to the following conclusions. 
1. The long wavelength absorption band of SD-FLU-SD is the result of S0 → S1 and S0 → 
S2 transitions due to the coupling of squaraine fragments, but they are too close in 
energy to be resolved experimentally. This result agrees with excitation anisotropy 
measurements. Two additional transitions within the squaraine fragments reveal similar 
splitting but have zero oscillator strengths because they are forbidden transitions into 
the second excited state of the squaraine segments. 
2. The next higher transitions with non-zero oscillator strengths are in the 370-400 nm 
range and involve a large fraction of charge transfer from the fluorene to squaraine 
fragments. 
3. A third group of transitions near 300 nm are transitions within the fluorene moiety. 
The experimentally measured 2PA spectrum for SD-FLU-SD I was broader than that of SD 
II, with δ2PA ranging from 150 GM to 3000 GM over the wavelength range from 1200 to 800 nm 
2PA excitation. Quantum chemical calculations indicate that this broadening is a result of several 
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efficient charge transfer transitions across the ethyne bridges between fluorene and squaraine 
components. Four groups of 2PA transitions are predicted as described below. 
a) At 458 nm (2PA excitation at 916 nm) is a 2PA band with a cross-section of 918 GM. 
This corresponds to an S3 final state with S1 as intermediate state occurring on 
squaraine constructs only. 
b) A group of overlapping transitions in the range 330–377 nm (2PA excitation 650–750 
nm) is located on the fluorene moiety. These involve final states S9, S10, and S11 with 
1PA active S7 intermediate state.  
c) Next are transitions involving 2PA active S8 and S12 states, with S2 and S1 as 
intermediates. These involve the coupling of transitions on the two squaraine fragments 
oriented at an angle to each other. 
d) The highest energy 2PA states are the result of charge transfer transitions from fluorene 
to squaraine chromophore units. 
e) A fifth group of predicted high intensity 2PA transitions is also due to charge transfer 
transitions but these transitions are not experimentally observable. 
Detailed studies of the solvatochromic properties of SD II and SD-FLU-SD I revealed that 
solvatochromic shifts were opposite in direction in the two solvent systems, CHX/TOL and 
TOL/ACN. The polarizable continuum model predicts solvatochromic shifts in good agreement 
with experiment. It was found that the slower orientational component of the solvent polarity 
stabilizes the ground and excited states equally and, therefore, does not have an impact on the 
measured solvatochromic shifts. The faster electronic polarizability of the solvent stabilizes the 
excited state only. This helps explain the good correlations between solvatochromic shifts and 
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the Bayliss solvent polarity scale, which only includes the solvent refractive index when 
calculating solvent polarity. Emission solvatochromism was found to experimentally follow the 
same trend as absorption. In this case it is the ground state that is more highly stabilized by the 
electronic polarizability of the solvent. 
The fluorescence quantum yields were found to follow the trend observed in 
solvatochromic shifts with opposite directions for the two solvent systems, CHX/TOL and 
TOL/ACN. The quantum chemical calculations found that conformational transition into a 
twisted intramolecular charge transfer (TICT) state is highly competitive with the emission 
process from the planar Franck-Condon state. This conformational transition opens an efficient 
nonradiative deactivation channel and the height of the barrier leading to TICT primarily 
determines the fluorescence quantum yield in different solvents. 
Results obtained in the study of SD-FLU-SD I and its SD II model demonstrate the 
successful design strategy for the optical material with broad-range 2PA absorption. The 
integrated experimental and theoretical approach provides a comprehensive understanding of 
structure/property relationships required for efficient two-photon absorbing materials, as well as 
the influence of solvents on the observed spectral properties of these compounds. This study 
provides a foundation for the future design of new photonic materials for a range of potential 




CHAPTER 4: FUTURE WORK 
4.1 Enhancing 2PA Cross Sections by Promoting Intramolecular Charge Transfer 
The work reported in the previous chapter indicated that the combination of squaraines 
with fluorene via ethyne linkages resulted in enhanced two-photon absorption over a broad 
wavelength range, compared to the isolated squaraine. A similar approach has been reported 
using a squaraine connected to two porphyrins via ethyne linkages, as shown in Figure 26, and 
again the 2PA was high over a broad wavelength range.28 Like the SD-FLU-SD molecule, this 
high and broad 2PA was attributed largely to the existence of charge transfer transitions between 
both the squaraine and porphryn via the ethyne linkages. Isolated squaraines demonstrate strong 
charge transfer character within the molecule itself, which gives rise to the intense near IR 
absorption typically seen in those molecules.106 Squaraines themselves demonstrate high 2PA 
cross sections, but only over relatively narrow wavelength ranges. The goal, then, is to find even 
better combinations in which one or more squaraines is connected to other groups which can 
promote intramolecular charge transfer over longer conjugation paths between these groups and 





Figure 26. POR-SD-POR28 
 
One such interesting candidate for coupling to squaraines would be pyrene and its 
derivatives. Figure 27 gives the structure of a pyrene-squaraine-pyrene dye to be studied as a 
starting point. Pyrene derivatives could also be explored. 
 
 




























Pyrene is a good candidate for coupling to squaraine for several reasons: 
1. Pyrene connected to other electron withdrawing groups has been shown to exhibit 
intramolecular charge transfer.107 
2. Pyrene’s photophysical properties are sensitive to its environment. The ratio of the 
intensity of certain vibronic transitions in pyrene fluorescence emission changes with solvent 
polarity, a feature which has been used to localized environments.108 This feature could be used 
to study the effect of the solvent on the photophysical properties, with the goal of optimizing 
intramolecular charge transfer. 
3. Pyrene has other photophysical properties that could be beneficial, such as relatively 
high quantum yields and excited states with relatively long lifetimes.109 
4. Pyrene can form eximers in certain types of environments.110 This could be beneficial, 
but could also be a possible pathway for fluorescence quenching, since the fluorescence quantum 
yield of pyrene decreases with increasing concentration.111 Adding substituents to the pyrene can 
be used to reduce the tendency toward eximer formation if necessary.109 
Pyrene’s unique properties have made it attractive in the synthesis of hydrophobically 
labeled water soluble polymers, as a polarity or microenvironment probe, and in organic 
electronic devices, to name just a few.109,112 Given its range of photophysical properties, pyrene 
should make a very interesting candidate for linking with a squaraine molecule. One proposed 
structure would be that shown in Figure 27. Changes in the microenvironment of the molecule 
would be expected to result in some interesting effects on the photophysical properties of the 
pyrene-squaraine-pyrene. The approach would be to change the environment of the molecule via 
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solvent polarity or add substituents to the pyrenes and thereby alter the energies of the pyrene in 
a way that would enhance its coupling, or orbital overlap, with squaraine to give more favorable 
intramolecular charge transfer the thereby enhancing the 2PA.107,113 
Preliminary work has been done to synthesize this pyrene-squaraine-pyrene compound, and the 
details are given in section 4.3 below. 
 
4.2 Enhancing 2PA Cross Sections via Intermolecular Charge Transfer 
 The approaches taken in this work and proposed for future work have focused on 
enhancement of intramolecular charge transfer in an effort to obtain high and broad 2PA. 
However, exploitation of intermolecular charge transfer as a way to enhance 2PA has been very 
limited to date. Reference 114 gives a review of several approaches reported to date, with some 
compelling arguments for further pursuing this general approach.  
 The aggregation behavior of squaraines has been a topic of considerable interest. Indole-
based squararines have been synthesized with both hycrophobic and hydrophilic groups in order 
to promote aggregation in the solid state115 or  surfactant solutions.116 Recently a benzothiazole-
based squaraine has been reported which demonstrates J-aggregation and enhanced 2PA in a 
water solution using poly(acrylic acid) sodium salt as a templating agent.117 Following a similar 
approach, the pyrene-squaraine-pyrene dye could be modified to make it water soluble, as 
proposed in the structure shown in Figure 4-3. This would then make it a good candidate for 
studying aggregation in ionic solutions. By making the dye water soluble the effect of the 
aqueous environment on the pyrene moieties can be exploited to investigate their effect on the 
photophysical properties of the squaraine. 
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Figure 28. Proposed water soluble structure for PYR-SD-PYR III 
 
4.3 Synthesis of PYR-SD-PYR (III) 
The synthesis of the hybrid PYR-SD-PYR compound III was accomplished by 
conjugating the symmetrical dibromo-substituted squaraine 12 to 1-ethynylpyrene via 
Sonogashira coupling, as shown in Scheme 4. The dibromosquaraine was synthesized from 1-
ethyl-2,3,3-trimethyl-5-bromoindole by first producing the methylene base in hexane using 4 
normal sodium hydroxide. The hexane solution of methylene base was then reacted with squaric 
acid in toluene/n-butanol under azeotropic distillation conditions to give the symmetrical 
dibromosquaraine 12. The symmetrical dibromosquaraine was then reacted with 1-ethynylpyrene 















Scheme 4. Synthesis of PYR-SD-PYR (III) 
 
 
4.4 Linear Photophysical Properties of PYR-SD-PYR (III) 
The absorption, emission, and quantum yield of PYR-SD-PYR was measured in toluene 
and dichloromethane. Figure 29 gives the absorption and emission spectra. For reference the 
absorption spectra of 1-ethynylpyrene is also shown. A few points can be made about this 
preliminary data: 
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1. A new absorption peak is present in the region between 350 and 475 nm. It is possible 
that this is a charge transfer band between the squaraine and pyrenes, similar to that 
reported for pyrene connected to a dicyanovinyl group.107 
2. The λmax absorption and emission are shifted to longer wavelength significantly more 




Figure 29. Normalized absorption of 1-ethynylpyrene, 2) normalized absorption of PYR-SD-
PYR III, 3) Normalized Emission of PYR-SD-PYR III in Toluene 
 
Table 5. Linear photophysical data for PYR-SD-PYR. Data for SD-FLU-SD and SD given for 
comparison. 
Solvent 














DCM 580 692 0.55 656 665 0.25 636 644 0.22 
Toluene 682 693 0.59 661 670 0.53 641 648 0.51 
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4.5 Synthetic Procedures 
 All reagents and solvents were used as received from commercial suppliers unless 
otherwise noted. 1H and 13C NMR spectra were recorded in CDCl3 or DMSO-d6 on a Varian 
NMR spectrometer at 500 and 125 MHz, respectively. Elemental analysis was performed by 
Atlantic Microlab, Inc. High resolution MS was performed at the University of Florida. 1-
Ethynylpyrene was purchased from VWR International. Preparation of 5-bromo-1-ethyl-2, 3, 3-
trimethyl-3H-indolium iodide (5) is given in Chapter 3.  
Preparation of 2,4-Bis[(5-Bromo-1-ethyl-3,3-dimethyl-2,3-dihydroindol-2-
ylidene)methyl]cyclobutenediylium-1,3-diolate (12). 5-Bromo-1-ethyl-2, 3, 3-trimethyl-3H-
indolium iodide (0.610 g, 1.55 mmol) was suspended in hexane (6 mL) under nitrogen. Aqueous 
sodium hydroxide (4N) was added (0.6 mL) with vigorous stirring, and the solution slowly 
turned clear yellow as the solid dissolved. The aqueous layer was removed and the organic layer 
was washed two times with deionized water. This hexane solution of methylene base was then 
added to a suspension of squaric acid (0.086 g, 0.75 mmol) in a mixture of toluene (15 mL) and 
1-butanol (15 mL). The mixture was then refluxed using a Dean-Stark trap for a total of three 
hours. The color turned slowly to dark blue once the temperature increased to over 100°C. The 
reaction was then cooled to room temperature, solvent was removed under vacuum, and the 
resulting solid was dissolved in CH2Cl2 and purified by column chromatography (beginning with 
pure CH2Cl2 and increasing to 2% methanol in CH2Cl2) to yield 411 mg (89%) of a copper-
colored crystalline solid. Final purification was accomplished by recrystallization in 
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dichloromethane/cyclohexane. 1H NMR (500 MHz, CDCl3) δ 1.28 – 1.49 (6 H, t, J 7.2), 1.68 – 
1.89 (12 H, s), 3.91 – 4.19 (4 H, broad s), 5.89 – 6.03 (2 H, s), 6.84 – 6.88 (2 H, d, J 8.3), 7.41 – 
7.45 (2 H, dd, J 8.3, 1.9), 7.45 – 7.49 (1 H, d, J 1.8). 13C NMR (126 MHz, CDCl3) δ 11.92, 
27.00, 38.56, 49.40, 86.78, 110.41, 116.64, 125.79, 130.73, 141.02, 144.46, 169.10, 180.57, 




2,3-dihydroindol-2-ylidene)methyl]cyclobutenediylium-1,3-diolate (10) (0.305 g, 0.50 mmol), 
dichlorobis(benzonitrile)palladium(II) (0.015 g, 0.04 mmol), copper(I) iodide (0.008 g, 0.04 
mmol), triphenylphosphine (0.017 g, 0.06 mmol), diisopropylamine (0.6 mL) and toluene (14 
mL) were all combined in a sealed reaction tube in a glovebox. 1-ethynylpyrene (0.232 g, 1.03 
mmol) was added and the mixture was heated to 60 - 65°C. The reaction was followed by TLC. 
After 80 h the reaction was cooled and solvent was removed under vacuum. The resulting green 
solid was purified by column chromatography beginning with pure CH2Cl2 and increasing to 1% 
methanol in CH2Cl2 to yield 0.076 g (17%) of green solid. Final purification was accomplished 
by recrystallization in dichloromethane/methanol 1H NMR δ H (500 MHz, Methylene Chloride-
d2) 1.38 – 1.53 (6 H, t, J 7.3), 1.83 – 1.98 (12 H, s), 4.08 – 4.26 (4 H, s), 5.99 – 6.12 (2 H, s), 
7.07 – 7.20 (2 H, d, J 8.7), 7.68 – 7.83 (4 H, m), 8.05 – 8.36 (16 H, m), 8.69 – 8.80 (2 H, d, J 
9.1). 13C NMR (126 MHz, cd2cl2) δ 12.33, 27.25, 39.13, 49.60, 87.65, 89.06, 95.96, 109.85, 
118.26, 118.76, 124.69, 124.89, 125.07, 125.85, 125.96, 126.08, 126.80, 127.65, 128.57, 128.81, 
129.92, 131.53, 131.66, 131.73, 132.12, 132.27, 142.70, 143.08, 169.54, 181.47, 182.03. HR-MS 
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theoretical m/z [M-H]+ = 899.3632 and [M+CH3]+ = 915.3945; found [M-H]+ = 899.3640 and 
[M+CH3]+ = 915.3912. 
  
76 
APPENDIX A: CARTESIAN COORDINATES AND ENERGIES FOR 





Conformation up-up: E=-3414.24801424 h 
6                  -16.307376    7.748922    0.016251 
6                  -15.945144    6.407928    0.013504 
6                  -16.893077    5.383683    0.012688 
6                  -18.241981    5.694474    0.014664 
6                  -18.631092    7.038073    0.017440 
6                  -17.671128    8.049449    0.018203 
6                  -16.195255    4.040039    0.009286 
6                  -14.726573    4.458708    0.008713 
7                  -14.663683    5.829908    0.011083 
6                  -13.571653    3.698358    0.006382 
6                  -13.366855    2.321617    0.003389 
6                  -12.062129    1.651049    0.001355 
8                  -10.892485    2.082346    0.001880 
6                  -13.428184    6.585958    0.011125 
6                  -16.555536    3.242944   -1.259053 
6                  -16.553099    3.237539    1.274879 
6                  -12.727884    0.341517   -0.001402 
6                  -14.032276    1.009344    0.000740 
8                  -15.202838    0.580621    0.000301 
6                  -12.517896   -1.037371   -0.004751 
6                  -11.362028   -1.791309   -0.007206 
6                   -9.894254   -1.367855   -0.007241 
6                   -9.192790   -2.710057   -0.010952 
6                  -10.139402   -3.737170   -0.012572 
7                  -11.418605   -3.167148   -0.010242 
6                   -7.847024   -3.009206   -0.012561 
6                   -7.432098   -4.358136   -0.015888 
6                   -8.405911   -5.372704   -0.017536 
6                   -9.765457   -5.076136   -0.015905 
6                   -6.048037   -4.680719   -0.017380 
6                   -4.856203   -4.938653   -0.018483 
6                   -3.463254   -5.223474   -0.019432 
6                   -2.525751   -4.170906   -0.017212 
6                   -1.174247   -4.460307   -0.017828 
6                   -0.727872   -5.794978   -0.020707 
6                   -1.646040   -6.843677   -0.023044 
6                   -3.005160   -6.555205   -0.022379 
6                    0.730635   -5.793556   -0.020441 
6                    1.174430   -4.458024   -0.017346 
6                   -0.000846   -3.492346   -0.015638 
78 
6                    1.650836   -6.840478   -0.022490 
6                    3.009380   -6.549365   -0.021292 
6                    3.464906   -5.216759   -0.018027 
6                    2.525383   -4.166001   -0.016125 
6                   -0.001444   -2.612807   -1.275909 
6                   -0.001947   -2.617701    1.248004 
6                    4.857368   -4.929598   -0.016400 
6                    6.048940   -4.670472   -0.014669 
6                    7.432857   -4.347278   -0.012386 
6                    8.406929   -5.361608   -0.013645 
6                    9.766393   -5.064717   -0.011255 
6                   10.139995   -3.725660   -0.007505 
6                    9.193134   -2.698773   -0.006231 
6                    7.847431   -2.998248   -0.008640 
7                   11.419062   -3.155350   -0.004354 
6                   11.362167   -1.779529   -0.000969 
6                    9.894298   -1.356406   -0.001841 
6                    9.534320   -0.560263    1.266986 
6                    9.537786   -0.553585   -1.267434 
6                   12.517876   -1.025356    0.002440 
6                   12.727612    0.353564    0.006330 
6                   14.031896    1.021583    0.009423 
8                   15.202518    0.593016    0.009442 
6                   12.652386   -3.914817   -0.004527 
6                   -9.535286   -0.571409    1.261686 
6                   -9.537065   -0.565197   -1.272743 
6                  -12.651757   -3.926896   -0.010957 
6                   12.061650    1.662991    0.009150 
6                   13.366283    2.333757    0.012246 
6                   13.570919    3.710522    0.016036 
6                   14.725767    4.470980    0.019412 
7                   14.662758    5.842174    0.022637 
6                   15.944170    6.420306    0.025819 
6                   16.892187    5.396143    0.024739 
6                   16.194487    4.052443    0.020361 
6                   18.241065    5.707038    0.027265 
6                   18.630067    7.050667    0.030877 
6                   17.670020    8.061963    0.031906 
6                   16.306291    7.761329    0.029395 
6                   13.427201    6.598126    0.022699 
6                   16.555370    3.256041   -1.248231 
6                   16.551873    3.249325    1.285706 
8                   10.891933    2.094086    0.009143 
1                    7.101441   -2.215220   -0.007641 
79 
1                   10.490767   -5.866326   -0.012321 
1                   13.243432   -3.686632    0.883177 
1                   13.245405   -3.683116   -0.890015 
1                   12.426004   -4.975516   -0.006866 
1                   13.454588   -1.571936    0.002120 
1                   12.632469    4.254099    0.016312 
1                   18.987519    4.923367    0.026439 
1                   19.680693    7.306617    0.032897 
1                   17.981407    9.097808    0.034696 
1                   15.575351    8.557248    0.030239 
1                   13.651240    7.659241    0.024804 
1                   12.834642    6.365376    0.908230 
1                   12.836543    6.368509   -0.864896 
1                    9.846635   -1.094192    2.164803 
1                    8.452497   -0.425014    1.308966 
1                    9.994476    0.425007    1.236791 
1                    8.456095   -0.418021   -1.311620 
1                    9.852500   -1.082805   -2.167195 
1                    9.997902    0.431505   -1.230882 
1                   16.242113    3.789022   -2.146290 
1                   16.097177    2.269805   -1.217672 
1                   17.637452    3.122949   -1.289928 
1                   16.094164    2.263069    1.248520 
1                   16.235755    3.777325    2.185692 
1                   17.633868    3.116372    1.329900 
1                    2.880430   -3.143779   -0.013674 
1                    3.736384   -7.349422   -0.022775 
1                    1.319349   -7.870689   -0.024919 
1                   -2.882752   -3.149369   -0.014976 
1                   -1.312552   -7.873243   -0.025281 
1                   -3.730618   -7.356669   -0.024088 
1                   -0.000769   -3.226493   -2.176831 
1                   -0.885506   -1.973119   -1.295167 
1                    0.881478   -1.971542   -1.294909 
1                    0.880923   -1.976458    1.269750 
1                   -0.886051   -1.978145    1.269397 
1                   -0.001539   -3.234829    2.146575 
1                  -18.988371    4.910743    0.014068 
1                  -19.681740    7.293936    0.019027 
1                  -17.982600    9.085270    0.020361 
1                  -15.576505    8.544903    0.016931 
1                  -12.836962    6.355420   -0.875854 
1                  -12.836150    6.354204    0.897277 
1                  -13.652303    7.647059    0.011930 
80 
1                  -12.633257    4.242031    0.006897 
1                  -13.454502   -1.584135   -0.005511 
1                   -7.101228   -2.225995   -0.011291 
1                   -8.084531   -6.404693   -0.020097 
1                  -10.489628   -5.877929   -0.017238 
1                  -12.425132   -4.987544   -0.012264 
1                  -13.244059   -3.696025   -0.897156 
1                  -13.243620   -3.698153    0.876043 
1                  -16.241821    3.775421   -2.157251 
1                  -17.637600    3.109864   -1.301204 
1                  -16.097388    2.256709   -1.227721 
1                  -17.635077    3.104260    1.318538 
1                  -16.237661    3.766160    2.174742 
1                  -16.095057    2.251410    1.238531 
1                   -9.848012   -1.105286    2.159392 
1                   -9.995709    0.413720    1.231053 
1                   -8.453532   -0.435830    1.304313 
1                   -9.997308    0.419850   -1.236633 
1                   -9.851143   -1.094608   -2.172612 
1                   -8.455359   -0.429523   -1.316277 
1                    8.085796   -6.393671   -0.016527 
 
Conformation up-down E=-3414.24801424 h 
6           0       -1.258784   21.555797    0.000000 
6           0       -0.584352   20.341220    0.000000 
6           0        0.809153   20.268426    0.000000 
6           0        1.560721   21.430355    0.000000 
6           0        0.903835   22.665348    0.000000 
6           0       -0.489394   22.721494    0.000000 
6           0        1.247421   18.819818    0.000000 
6           0       -0.096252   18.094248    0.000000 
7           0       -1.098411   19.032237    0.000000 
6           0       -0.389939   16.742707    0.000000 
6           0        0.430056   15.617662    0.000000 
6           0       -0.024566   14.222077    0.000000 
8           0       -1.157972   13.703574    0.000000 
6           0       -2.510771   18.711677    0.000000 
6           0        2.062534   18.499216    1.267725 
6           0        2.062534   18.499216   -1.267725 
6           0        1.370511   13.761253    0.000000 
6           0        1.826357   15.153354    0.000000 
8           0        2.960447   15.670921    0.000000 
6           0        2.194448   12.635988    0.000000 
6           0        1.908414   11.286053    0.000000 
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6           0        0.570251   10.549486    0.000000 
6           0        1.021250    9.103513    0.000000 
6           0        2.416934    9.045229    0.000000 
7           0        2.920012   10.352142    0.000000 
6           0        0.278761    7.941476    0.000000 
6           0        0.938624    6.693977    0.000000 
6           0        2.344965    6.664421    0.000000 
6           0        3.098474    7.833648    0.000000 
6           0        0.201204    5.479062    0.000000 
6           0       -0.415862    4.427253    0.000000 
6           0       -1.109466    3.186012    0.000000 
6           0       -0.387355    1.975367    0.000000 
6           0       -1.069409    0.773305    0.000000 
6           0       -2.476474    0.749765    0.000000 
6           0       -3.200883    1.940360    0.000000 
6           0       -2.517350    3.149927    0.000000 
6           0       -2.914753   -0.641457    0.000000 
6           0       -1.775443   -1.467485    0.000000 
6           0       -0.500632   -0.637257    0.000000 
6           0       -4.190892   -1.202114    0.000000 
6           0       -4.323917   -2.584947    0.000000 
6           0       -3.191139   -3.421633    0.000000 
6           0       -1.905471   -2.843592    0.000000 
6           0        0.336244   -0.901092   -1.261950 
6           0        0.336244   -0.901092    1.261950 
6           0       -3.338929   -4.835765    0.000000 
6           0       -3.454394   -6.049735    0.000000 
6           0       -3.574100   -7.465935    0.000000 
6           0       -4.840936   -8.076945    0.000000 
6           0       -4.980974   -9.461308    0.000000 
6           0       -3.823993  -10.232172    0.000000 
6           0       -2.553863   -9.650867    0.000000 
6           0       -2.420574   -8.278813    0.000000 
7           0       -3.678041  -11.625405    0.000000 
6           0       -2.352247  -11.997414    0.000000 
6           0       -1.495303  -10.733463    0.000000 
6           0       -0.623966  -10.640733    1.267342 
6           0       -0.623966  -10.640733   -1.267342 
6           0       -1.994292  -13.330343    0.000000 
6           0       -0.748854  -13.958468    0.000000 
6           0       -0.520217  -15.405836    0.000000 
8           0       -1.292713  -16.384315    0.000000 
6           0       -4.782014  -12.562678    0.000000 
6           0       -0.247872   10.864113   -1.267027 
82 
6           0       -0.247872   10.864113    1.267027 
6           0        4.329555   10.684527    0.000000 
6           0        0.702895  -13.733233    0.000000 
6           0        0.934075  -15.182038    0.000000 
6           0        2.178271  -15.806295    0.000000 
6           0        2.539796  -17.141189    0.000000 
7           0        3.862211  -17.509045    0.000000 
6           0        4.011648  -18.907428    0.000000 
6           0        2.742344  -19.487454    0.000000 
6           0        1.684029  -18.405419    0.000000 
6           0        2.615195  -20.865559    0.000000 
6           0        3.769330  -21.655897    0.000000 
6           0        5.030415  -21.060687    0.000000 
6           0        5.171918  -19.671295    0.000000 
6           0        4.965699  -16.571130    0.000000 
6           0        0.812255  -18.497304   -1.267314 
6           0        0.812255  -18.497304    1.267314 
8           0        1.476912  -12.755944    0.000000 
1           0       -1.444771   -7.812548    0.000000 
1           0       -5.967597   -9.901577    0.000000 
1           0       -4.747044  -13.196729    0.886672 
1           0       -4.747044  -13.196729   -0.886672 
1           0       -5.720092  -12.018258    0.000000 
1           0       -2.804828  -14.050944    0.000000 
1           0        2.987863  -15.084646    0.000000 
1           0        1.637289  -21.329184    0.000000 
1           0        3.683432  -22.733799    0.000000 
1           0        5.917004  -21.680484    0.000000 
1           0        6.156426  -19.225808    0.000000 
1           0        5.903703  -17.115532    0.000000 
1           0        4.930836  -15.936989    0.886632 
1           0        4.930836  -15.936989   -0.886632 
1           0       -1.225586  -10.779722    2.165794 
1           0       -0.164164   -9.652483    1.313676 
1           0        0.172855  -11.380361    1.231346 
1           0       -0.164164   -9.652483   -1.313676 
1           0       -1.225586  -10.779722   -2.165794 
1           0        0.172855  -11.380361   -1.231346 
1           0        1.413848  -18.358414   -2.165804 
1           0        0.015232  -17.757873   -1.231213 
1           0        0.352601  -19.485608   -1.313375 
1           0        0.015232  -17.757873    1.231213 
1           0        1.413848  -18.358414    2.165804 
1           0        0.352601  -19.485608    1.313375 
83 
1           0       -1.038655   -3.491384    0.000000 
1           0       -5.306057   -3.036481    0.000000 
1           0       -5.072942   -0.574964    0.000000 
1           0        0.694222    2.008311    0.000000 
1           0       -4.283000    1.932151    0.000000 
1           0       -3.063287    4.083049    0.000000 
1           0       -0.250232   -0.715723   -2.161728 
1           0        1.213094   -0.251473   -1.282556 
1           0        0.681011   -1.936311   -1.282383 
1           0        0.681011   -1.936311    1.282383 
1           0        1.213094   -0.251473    1.282556 
1           0       -0.250232   -0.715723    2.161728 
1           0        2.642173   21.387516    0.000000 
1           0        1.478718   23.581275    0.000000 
1           0       -0.988026   23.681282    0.000000 
1           0       -2.337754   21.617393    0.000000 
1           0       -2.773854   18.133690    0.886708 
1           0       -2.773854   18.133690   -0.886708 
1           0       -3.090429   19.628405    0.000000 
1           0       -1.440767   16.473739    0.000000 
1           0        3.243924   12.910253    0.000000 
1           0       -0.802436    7.969537    0.000000 
1           0        2.846166    5.706878    0.000000 
1           0        4.177492    7.777928    0.000000 
1           0        4.917580    9.773074    0.000000 
1           0        4.587401   11.264768    0.886742 
1           0        4.587401   11.264768   -0.886742 
1           0        1.465539   18.658282    2.165969 
1           0        2.928666   19.161329    1.311972 
1           0        2.425906   17.474326    1.234209 
1           0        2.928666   19.161329   -1.311972 
1           0        1.465539   18.658282   -2.165969 
1           0        2.425906   17.474326   -1.234209 
1           0        0.349404   10.710093   -2.165932 
1           0       -0.617490   11.886887   -1.232606 
1           0       -1.109827   10.196566   -1.311428 
1           0       -0.617490   11.886887    1.232606 
1           0        0.349404   10.710093    2.165932 
1           0       -1.109827   10.196566    1.311428 
1           0       -5.722377   -7.451219    0.000000 
 
 
Conformation down-down E=-3414.24791587 h 
6                    0.000000   20.926890   -4.552604 
84 
6                    0.000000   19.974758   -3.540760 
6                    0.000000   20.328271   -2.190945 
6                    0.000000   21.664045   -1.828774 
6                    0.000000   22.641104   -2.830164 
6                    0.000000   22.271352   -4.174512 
6                    0.000000   19.081295   -1.333778 
6                    0.000000   17.982081   -2.393840 
7                    0.000000   18.571285   -3.633577 
6                    0.000000   16.604929   -2.264903 
6                    0.000000   15.779765   -1.143887 
6                    0.000000   14.312105   -1.156288 
8                    0.000000   13.475506   -2.080192 
6                    0.000000   17.836426   -4.881738 
6                   -1.267682   19.023377   -0.459898 
6                    1.267682   19.023377   -0.459898 
6                    0.000000   14.293982    0.312692 
6                    0.000000   15.758720    0.327289 
8                    0.000000   16.594884    1.251920 
6                    0.000000   13.469568    1.437496 
6                    0.000000   12.096281    1.572780 
6                    0.000000   10.988824    0.520691 
6                    0.000000    9.747824    1.388715 
6                    0.000000   10.115105    2.736451 
7                    0.000000   11.513102    2.819969 
6                    0.000000    8.415117    1.034100 
6                    0.000000    7.426226    2.041223 
6                    0.000000    7.824155    3.390128 
6                    0.000000    9.166949    3.753275 
6                    0.000000    6.045271    1.705628 
6                    0.000000    4.856333    1.434714 
6                    0.000000    3.464385    1.145087 
6                    0.000000    2.525118    2.196138 
6                    0.000000    1.174209    1.904882 
6                    0.000000    0.729381    0.569661 
6                    0.000000    1.649330   -0.477553 
6                    0.000000    3.008228   -0.187195 
6                    0.000000   -0.729381    0.569661 
6                    0.000000   -1.174209    1.904882 
6                    0.000000    0.000000    2.871661 
6                    0.000000   -1.649330   -0.477553 
6                    0.000000   -3.008228   -0.187195 
6                    0.000000   -3.464385    1.145087 
6                    0.000000   -2.525118    2.196138 
6                    1.261983    0.000000    3.748623 
85 
6                   -1.261983    0.000000    3.748623 
6                    0.000000   -4.856333    1.434714 
6                    0.000000   -6.045271    1.705628 
6                    0.000000   -7.426226    2.041223 
6                    0.000000   -7.824155    3.390128 
6                    0.000000   -9.166949    3.753275 
6                    0.000000  -10.115105    2.736451 
6                    0.000000   -9.747824    1.388715 
6                    0.000000   -8.415117    1.034100 
7                    0.000000  -11.513102    2.819969 
6                    0.000000  -12.096281    1.572780 
6                    0.000000  -10.988824    0.520691 
6                    1.267163  -11.040613   -0.353899 
6                   -1.267163  -11.040613   -0.353899 
6                    0.000000  -13.469568    1.437496 
6                    0.000000  -14.293982    0.312692 
6                    0.000000  -15.758720    0.327289 
8                    0.000000  -16.594884    1.251920 
6                    0.000000  -12.257499    4.062335 
6                    1.267163   11.040613   -0.353899 
6                   -1.267163   11.040613   -0.353899 
6                    0.000000   12.257499    4.062335 
6                    0.000000  -14.312105   -1.156288 
6                    0.000000  -15.779765   -1.143887 
6                    0.000000  -16.604929   -2.264903 
6                    0.000000  -17.982081   -2.393840 
7                    0.000000  -18.571285   -3.633577 
6                    0.000000  -19.974758   -3.540760 
6                    0.000000  -20.328271   -2.190945 
6                    0.000000  -19.081295   -1.333778 
6                    0.000000  -21.664045   -1.828774 
6                    0.000000  -22.641104   -2.830164 
6                    0.000000  -22.271352   -4.174512 
6                    0.000000  -20.926890   -4.552604 
6                    0.000000  -17.836426   -4.881738 
6                   -1.267682  -19.023377   -0.459898 
6                    1.267682  -19.023377   -0.459898 
8                    0.000000  -13.475506   -2.080192 
1                    0.000000   -8.113164   -0.004579 
1                    0.000000   -9.441299    4.798249 
1                    0.886551  -12.888832    4.131049 
1                   -0.886551  -12.888832    4.131049 
1                    0.000000  -11.567953    4.899523 
1                    0.000000  -14.047394    2.355365 
86 
1                    0.000000  -16.031689   -3.185585 
1                    0.000000  -21.952752   -0.785580 
1                    0.000000  -23.688226   -2.560269 
1                    0.000000  -23.034046   -4.941260 
1                    0.000000  -20.657458   -5.599127 
1                    0.000000  -18.532882   -5.713102 
1                    0.886538  -17.205680   -4.955706 
1                   -0.886538  -17.205680   -4.955706 
1                    2.166174  -11.068541    0.262492 
1                    1.307892  -10.145934   -0.977195 
1                    1.236514  -11.906562   -1.012023 
1                   -1.307892  -10.145934   -0.977195 
1                   -2.166174  -11.068541    0.262492 
1                   -1.236514  -11.906562   -1.012023 
1                   -2.166253  -18.998938   -1.077133 
1                   -1.237194  -18.154431    0.194076 
1                   -1.308641  -19.914957    0.167795 
1                    1.237194  -18.154431    0.194076 
1                    2.166253  -18.998938   -1.077133 
1                    1.308641  -19.914957    0.167795 
1                    0.000000   -2.880641    3.218224 
1                    0.000000   -3.734655   -0.987742 
1                    0.000000   -1.317572   -1.507644 
1                    0.000000    2.880641    3.218224 
1                    0.000000    1.317572   -1.507644 
1                    0.000000    3.734655   -0.987742 
1                    2.161531    0.000000    3.132936 
1                    1.282553    0.883625    4.388954 
1                    1.282553   -0.883625    4.388954 
1                   -1.282553   -0.883625    4.388954 
1                   -1.282553    0.883625    4.388954 
1                   -2.161531    0.000000    3.132936 
1                    0.000000   21.952752   -0.785580 
1                    0.000000   23.688226   -2.560269 
1                    0.000000   23.034046   -4.941260 
1                    0.000000   20.657458   -5.599127 
1                   -0.886538   17.205680   -4.955706 
1                    0.886538   17.205680   -4.955706 
1                    0.000000   18.532882   -5.713102 
1                    0.000000   16.031689   -3.185585 
1                    0.000000   14.047394    2.355365 
1                    0.000000    8.113164   -0.004579 
1                    0.000000    7.063946    4.158209 
1                    0.000000    9.441299    4.798249 
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1                    0.000000   11.567953    4.899523 
1                   -0.886551   12.888832    4.131049 
1                    0.886551   12.888832    4.131049 
1                   -2.166253   18.998938   -1.077133 
1                   -1.308641   19.914957    0.167795 
1                   -1.237194   18.154431    0.194076 
1                    1.308641   19.914957    0.167795 
1                    2.166253   18.998938   -1.077133 
1                    1.237194   18.154431    0.194076 
1                    2.166174   11.068541    0.262492 
1                    1.236514   11.906562   -1.012023 
1                    1.307892   10.145934   -0.977195 
1                   -1.236514   11.906562   -1.012023 
1                   -2.166174   11.068541    0.262492 
1                   -1.307892   10.145934   -0.977195 


































































































































































































































The following guidelines are the result of lessons learned throughout this work: 
I. Absorption 
1. Measure absorption of dye in solution with maximum OD = 1.0 to 1.5. Use this as a 
standard curve for reference.  
2. Whenever new solutions are prepared a quick check of the measurement can be done by 
calculating the ratio of the absorption maximum to another point on the short wavelength 
side of the curve where the absorption is much less. This ratio can. Verify that this ratio is 
the same (within about 10%) for the new solution.  
3. Before measurement make sure the outside surfaces of the cuvette are clean. This can be 
checked by shining a flashlight beam on the surface at an angle in a dark room. 
4. It is ideal to use the same cuvette for measuring the blank and the dye, and orient the 
cuvette the same way in the instrument for each measurement. 
II. Quantum Yields 
1. Prepare a solution of the quantum yield standard dye at 0.1 OD and use this solution to 
set the slits in the spectrofluorimeter. If the quantum yield of the reference is 1.0, such as 
Rhodamine 6G, then the slits should be set at one million counts. For a standard like 
Cresyl violet, which has a quantum yield of 0.5481 the slits should be set to give about 
600,000 counts.  
2. Quantum yield reference compounds must be used in the appropriate solvent.  
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3. Use solutions with OD about 0.1 at the absorption maximum. 
a. Using the absorption measurement in which the OD was approximately 1.0 calculate 
the ratio of the OD at the absorption max to the OD at the wavelength to be used for 
the quantum yield measurement. 
b. Verify that this ratio is the same (within about 10%) for the solution to be used for the 
quantum yield measurements. When new solutions are prepared make sure the ratio at 
these wavelengths is similar. 
c. If the diluted solution does not meet this requirement check for scattering sources, 
decomposition, etc.  
d. Repeat this check for the solution of the quantum yield reference standard. 
5. Do not excite either compound, reference or dye, at a wavelength past the absorption 
maximum (antistokes region). This can cause the reference to have a smaller QY than 
expected  
6. Always be sure to measure and subtract the solvent emission from the dye emission, and 
then correct this emission for the detector response. 
7. An excitation correction must be done, which must correct the excitation for both the 
relative power and the wavelength factors.  
a. Relative power is simply the ratio of the power measured at the wavelengths used to 
measure the fluorescence emission of the QY standard to the compound being tested. 
b. The wavelength factor is the ratio of the wavelengths used. Quantum yield is 
determined by the number of absorbed photons, not relative energies. At longer 
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wavelengths the energy per photon is less, so the number of absorbed photons will be 
larger for a given optical density. 
8. For compounds with small stokes shifts, such as squaraines, there is significant overlap of 
the absorption and emission bands. In this case the following approach should be taken: 
a. Prepare a standard solution of the dye and reference of 1.0 – 1.5 optical density and 
measure their absorption. 
b. Measure the emission of the sample using an excitation wavlelength outside the 
emission band. 
c. Because of the small stokes shift, the absorption at this wavelength will be very low. 
To improve its accuracy the absorption value used at this wavelength to calculate 
quantum yields should not be the measured value from the 0.1 OD solution. Instead it 
should be calculated using the ratio calculated from the standard measurement made 
using the 1.0 to 1.5 OD solution. 
9. The quantum yield reference standard chosen should have an emission maximum as close 
to the compound being measured as possible. The  
III. Excitation Anisotropy 
1. A viscous solvent must be used in which the compound to be measured is readily soluble. 
Poly-THF and silicone oil are commonly used. 
2. Sample preparation should be done by 
a. Dissolving the compound in a minimum amount of “non-visous solvent. For example, 
use THF to dissolve the compound if poly-THF will be used for the anisotropy 
measurements. 
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b. Measure the blank with pure poly-THF. Then add one or two drops of the solution in 
THF and check the OD. 
c. Adjust the OD to approximately 0.1.  
d. Make sure the solution is mixed very thoroughly and check for bubbles, etc. Applying 
vacuum to the top of the cuvette momentarily can aid in removing bubbles.  
3. Mount the polarizers in the spectrofluorimeter, both in the horizontal position. Make an 
excitation scan of the sample over the desired wavelength range and check the intensity at 
the maximum. Set the slits to give approximately 100,000 counts. 0.1 second integration 
can be used in this step, and the scan can be done only over the region of maximum 
emission. 
4. Once the slits have been set the full excitation scans can be made. 2.5 second integration 
time should be used for the final scans to reduce noise in the final anisotropy curve. 
5. Set the emission wavelength at the longest possible, based on the fluorescence spectrum 
of the dye being measured. Set the excitation range from the shortest possible wavelength 
to 10 nm short of the fluorescence maximum. Beware that at the wavelength that is half 
of the fluorescence maximum there will be a sharp spike that needs to be ignored. 
6. Excitation scans should be made over the same wavelength range but while changing 
only the polarizers: 
a. Both excitation and emission polarizers set in the horizontal position (HH) 
b. Excitation horizontal and emission vertical (HV) 
c. Excitation vertical and emission horizontal (VH) 
d. Both vertical (VV) 
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7. Using the software on the instrument calculate the following curves: 
a. HV/HH = G 
b. VH*G = VHG 
c. 2*VHG = 2VHG 
d. VV-VHG 
e. VV+2VHG 
f. (VV-VHG)/VV+2VHG) = r 
8. Repeat at least the HH scan with the integration time set at 0.1 second to be sure it 
overlaps the curve measured at 2.5 seconds integration time. This will verify that no 
photodecomposition has occurred during the measurements. 
9. The shape of the anisotropy curve can be verified using a solution with a higher 
concentration, e.g. optical density in the range of 0.1 to 0.3. 
10. Then the solution should be diluted repeatedly, measuring anisotropy after each dilution, 
until the anisotropy reaches a maximum. An integration time of 0.1 second can be used 
during this process, and only the wavelength range in which the absorption maximum 
occurs needs to be measured. 
11. Measure the final anisotropy curve using the solution with the highest concentration that 
also gave the highest value for anisotropy. 
IV. Emssion Anisotropy 
1. Sample preparation and instrumentation are done in the very same way as with excitation 
anisotropy, except emission scans are measured instead of excitation scans. 
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2. Typically the excitation wavelength is set at a value below the fluorescence maximum of 
the compound being measured, and emission is measured starting at a wavelength 10 nm 
longer. 
3. If there is a step in the excitation wavelength within the main absorption, the emission 
anisotropy can be measured using a series of excitation wavelengths that cover this peak. 
The emission anisotropy will also show a change as the excitation wavelength is changed. 
The figure below illustrates this effect.  
 
Figure 30. Excitation and Emission Anisotropy of SD-FLU-SD in poly-THF, Overlaid on the 
Absorption and Emission Measured in THF  
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